
-,_ _RST .QUARTERLY;__ REPO_T 3/ _'.

._ OCTOBER 31, 1963

N64 1 1741 _

• . __ c_ _-_t_)/
I /BRUSHLESS ROTATING ELECTRICAL GENERATORS

_ _ FOR SPACE AUXILIARY POWER SYSTEMS

• _1_ CONTRACT N_ NAS -3 2783)

prepared for d
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

by

J. N. Ellis and F.A. Collins _-_?_ _ /_J-d ;)

TECHNICAL MANAGEMENT

NASA-LEWIS RESEARCH CENTER

AUXILIARY POWER GENERATION OFFICE

ATTENTION : HOWARD A. SHUMAKER



- L __ •

FIRST

REPORT

OCTOBER 31,

QUARTERLY

1963 _J

BRUSHLESS ROTATING ELE_RICAL GEN_ATORS

FOR SPACE AUXILIARY POWER SYSTEMS

CONTRACT NO. NAS 3-2783

prepared for

NATINL AERONAUTICS AND SPACE ADMINISTRATION

by

J. N. Ellis and F.A. Collins

TECHNICAL MANAGEMENT

N_-I_EWIS RESEARCH CENTER

AUXILIARY POIntERGENERATION OFFICE

ATTENTION: HOWARD A. SHUMAKER

@
LEAR SIEGLER, INC. E,I,QoUIPoMENT DIVISION



i

_.>" ;'1 •



_A

Rotor_ _ .................... .......................... -'

_ym_z_mmm u_m_m_ ..... .....
-- . __. ..... . . _ -. . . - . : ....

.............................................. ...... : .......... z



Transient and Subtranstent Reactance and Time Co_

)Potier Reactance

k

k

4



.... S_ ............. ....

Design manuals are presented for salie_ole, wound-roar generates

and non-salient-pole, wound-rotor gen_s.



INTRODUCTION

This study is sponsored by The National Aeronautics and Space Adm. under

Contract NAS3-2783. It ts to be an analysis of the brushless, electrical,

generators t/mr might be considered for use by NASA. The _ts ts tO be :.......

comp!ete enough t o provide a bas/s for choosh_ the pa'opea" math/he for any

evah=ted_ .......

The ran_ of generator ratings of most Interest. for this study are 3. KVA to.

100 KVA at _ _ ISOORPMto Y2,000 RPM. Frequencies are 60eps to ,--- .

4800 cps. " " ............ -- - _

The m_,_mnmCO01ant temperature for this study will be 200 ° F..However, -:..

" lower temperature-coolants. ........•- -' - :- "...... ....... • -- :-..--:..=....=._

_o_ m_et_ bore_ wlnbe eonsld_redto_ thee_ect_ t_ _r_ i

air gap necessary to accommodate the seal. Material and construcU_ prob-

lems of seals are not discussed.

..... STUDY METHODS
- - " " - -: :::-:_:-i-_-. -

.... . . .-.._:_!__-,

.............. _ .Lj ¸¸ . •

To provide adequate tools for studying the various brushless generators,

complete design manuals and Fortran Computer programs will be provided

for those machines likely to be used.

Parametric data in the form of curves resulting from the computer programs

will be furnished to aid in selecting the machines for specific applications.



STUDYM 'r (Cont)

Four quarterly reports will be issued.

all of the information of the previous reports.

Each successive report will contain

MACHINES STUDIED
" ,| i r ] I

For certain modern applications such as auxiliary power generation in space

and for remote unattached installations, brushes riding on slip rings or

commutators cannot be usecL In many of the applieattens, because of tern-

perature or radiation,, rectifiers cannot be used in the rotating" machine, "

Several generators of tl_ general type needed today were invented andbuflt ....

of most interest at preset are: -- --- " - -_I
!

1. Salient-pole, Wound-rotor, RotatTmg rectifier, generator. --

2. Non Salient-pole, Wound-rotor, Rotating rectifier, generator.

3. Two-coil brushless LundelL

4. Single-External-Cot1 brushless I_mde]l.

5. Single-Intent-Coil bz_shless Lundell: _ . _ ....___:--:.... _ -_
. _ .. . " -.__ - - - "_-_- " .:..-. :_--_i - " _ - .._ i . -

....... 6, Axial air gap b_,'usblelm_ -- -

8. Heteropolar Inductor.

9. Permanent Magnet Generators. . _

10. Induction Generators.

11. Cascade Generators.

Of the eleven machines outlined above, only the salient pole and non-salient

pole generators will be analyzed in this quarterly reporh The nine remain-

ing m_chtqes _ be studied in detail in the three quarterly reports that re-

to be published. _ . - .......



Field North PoleNonMagnetic

NonMa_gnetic

Separator

--- --_._ this _ concept evolved the r_diaI air gap machines having inter-

_r brushtess Lundell type isdescrLbed in British Pamut 614091 issucd July,

1947 Ix) Ball andBinney; also in U. S. Patent 2987637 issued in 1961 to Bertsche
.......... , -.._'_ : ..... : ............. : ......... • .................... - .....

and Gegenl_Imer. - - " . ....



__Ss _L__: _fOr _ T__ Use: - --_-

Essentially this same machine, except with non-maRneti'c steelbrazed into

space b_-_. eer_ the rotor poles is being proposed by U. S. companies.

[ k k •



Rotating Field Structure

Laminated

Stator

r

Stationary Yoke

Winding

.... ___-gen_ has no brushes znda revolving field struc- --

_- tnr__an be made _¢ith_o outp-Utstators with the field structure re- -

. . . _ %_ _
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stator and southpoles on__ oppos/iteend__r the opposite stator, and _

(3)a-_-iieid coit ene_tose._d_the.iron. !oop foxed by t!_e outer shell or yoke, -

The homopolar inductor generator was widely used as a prime power source
around 1900, and most patents on this type of generator were issued before
1910. Several configurations were built by Alexanderson in the 1920's for use
as aircraft generators, but in recent years, it has been used almost exclu-
sively for induction heating and welding. " " "



°

- _ " This inductor generatoris described in U. S. Patent No. 1369601 issued

February 22, 1921, to E. F. W. Alexanderson.

It is a machine with two disk-type stators facing each other
..... L.......



Field

Laminated

Stator

.- e"' Output

8chroeder Inductor

This is another disk-type homopolzr inductor which Is describcd hi U.S. ]

Patent Application No. 3697, dated October 7, 1960, by H. L. Sr_roeder. 1
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.... -.... . ..i.'--2_- ......._..........-....................: _'-_---__.-_i - . _'_.. - _ -i _ "

This machine, c0ns_ of three stators and three rotor sections, was

patented in 1938 by Fisher U. S. Patent No. 2_ 108_ 662.

.... _e the _ _/rotor _eter is definitely limited in both the

.--macmne. _ - • : - - - - - -
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One early machine of this type was described in British Patent No. 18027
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-D.C.

Excitation

A.c. output _--
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- D.C.

DoC.- ......................
.... " ÷ Excitation
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_ Electromagnetic Flux-Sw_ch Alter nator . •

Theflux-switchalternator isa simpte version of the heteropotar inductor.

It is used only where low outputs are needed and wave form is unimportant. 1



Output Winding

Alnico

Magnet

North
Pole

\
Alnico

Output South Magne'

Winding Pole.
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Permanent Magnet Generator

Permanent magnet generators use high coercive force magnets for fields.

In des__, that use rotat£ng magnets, the poor m echaniv.alqualities of the

speeds.

_ _-_ " The mOUrn P.M. GtLnei_atordes_-_tre made possible:by the develo_ent

of Alnico magnet alloys. The firstAlnico alloy of iron, aluminum and

nickel was discovered by a Japanese metaUurgist, Mishima, in 1931.



Induction Generators

The induction generator, also called an asynchronous generator, is an in-

duction motor operating at a negative slip, or operating above synchronous

speed. To operate above synchronous speed, the machine must be driven

by a prime mover.

....................... _tion gener-atpr.- _e _-tion-g_dn_t_r Can-not l_vide r_tiv-e: ....... =-_ .....

_itiv_ power source must also supply any lagging or reactive power re-

:-. quixed bythe load.

...... _ exc,_at,on rectutr_vnt i__ _n ou__tanuu_ uw,_zency __, th= m_,_mn

.............. get_8-rN_tse the total cat_itiv_pow_rx_f_-ir_rn eN often_e__ceedathe__

rath_g of tile generator.

. ........ :of the induction generator is such that its

L ...... - .... _ •
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Cascade generators Can=be describedas consisting 0ftwo generators in se- -
........... ries-. ==__S0f-__rat0rsai_ a -com_h Shaft with _ polyphase -

output __bf the _i_ro[0rfe_ " with reversed phase sequence, the
polyphase windings of the second rotor. The flux wave on the second rotor
travels at some multiple of synchronous speed (usually twice), and produces
in the output windings ofthe _ator of thesecond machine, a frequency that
is the same as if the poles of both machines were combined on one rotor.



........ .............................................................................. .2 ..................... _..._.L ....... 2=.-_2.2._.-:2.. 2 ........... .2 ; .......... %/ ...... 2 ....... ".................................. 2-.
........................................ . ...........................

_ .............. £ __._ ..... 2; _ _ : -2/__ - -: _ ....... £T-7-_--L:__--_-_T2___T-_£__£___ _ "_ . - - -. ......

T- ..... 2 _ - - _ - ........ " £ 2 L\_---.2. -.=--2 _--_=i._-_-_ _£_.2-2: . =-_ _ .. . . 2--_ -_ ..................... ..........................

. - . .

• _ _ {I
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GENERATOR VOLTAGE AND OUTPUT EQUATIONS

To begin a generator design when there is no required envelope or uther

size limitation, tim e can be saved by using an output formulathat relates

rotor size to output kva. The output equation is given here and then devel-

oped from the relation E = N c _v Bxnax 10 -8

!-:---_:..................."....::-:o_ k_= -% _ i_ ABe : ...................._:........-- --:..................
. 90x I0 7 ' •

where d : rotor diameterwhichis for practical purposes the same as the

........... stator I.D. (inclies) " -- _ .......= •.....".......i:..-....... : ' i

A = ampere wires/inch of bore periphery

Bg = gapde_s_ _ titoUnesttul

-: All e___t_v..agnettc generaiOrs convert mechanical energy toelectrtcal

energy through a change of flux linking the conductors of the Ouiput winding.

The voltage generated in a single conductor is = - -

........................................................................................... ...................................... _: .......................................

erms Coils in Serles . -
- Eph - _ x phase xK d

erms Total Slots K d .........................

= --_-fi-x Phases x Parallels
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(Ns = Conduetors/SloO

CT-BgIVd_

Bma x Fundamental = C 1 Bg

v Bmax Fund = Ct _T X-_

+

C w = Winding Constant C 1 Kd---_

- - +C w for3 plm_-e +.+, -3+C i ............. : ........ +-+--:+-+--+: ..... : ....... -_.......................................

+-........... C w mr2 _e (rob =.319Cl + +++-_(++i++++ +:--++:,+ +_ -+i+ + -

+ 1
C w for 3 phase = . 225 C 1 . -

_ " + - • ++
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The derived voltage equation can be found in the AIEE Paper No. 50-201

dated August, 1950, '_Design Calculations for A. C. Generators" by David

Ginsberg,

ELL- 6O(*05

..................-...........i- _ _:xioe,,).-'rh_ L, t.hem_um deo,__ _- i-- : ....::-:

N = Total effective conductors in the machine.
e

/ - Where..::/ m = lr_o. of p]:ma,es. /. _

Kd = Distribution Factor = . 955

CI = Ratio Maximum FundamentalAci_t Maximum of the flux wave. This w_tue



19

A'_d
I=

N e
since A = _ = ampere wires per inch of stator

bore periphery

+KVA =
Bg(TT'dlc)RPM(.39C1)N e _'3A W'd

60x
e

---=_:......+-....:-•.........:.....:=--.....: .........:........-.........._x 108:....._-_i :_ " ......-- '-.-i:il----__ =.........:=-_=:-_=_+ I

" - 90x 10,

+
_ _ The_!zu e+ImUon. _ . ....; ...... ,

....... If a pole-embrace is- used- that gives: other _ C I = i. 0 (or if+me maximum

of the fundamental flux wave is not equal to the maximum of the actual flux

- ++ - wave), _KvA+ _m_ Sl_d multiplied by C1. _ . I _ _
be+ " ....... + + " + .... - ++

" -+Not_. _chitz_ and Whipple in "Electric Machinery" Vol. 2, - _
_ - . .

appendix 8,- pp 553=557 derived an equivalent formula for either

motors or generators.

Conventional wound-rotor generators, .P.M. Generators, and heteropolar

...........................length-iimlts _ L11tbo: useful-fluXandmost-ofthe-leaks_e_es ....................
°

through the rotor shaft area. The outputs of the pancake or axial air gap gen=

..... : + • era_r are _ function of the cube ofthe outer diameter+of the pancake Stator. --

These limitations are discussed in the section pertaining to each machine.

The limits of ampere loading will be determined for each machine and the

limits of gap density will be defined for each machine in future reports.

• .+, =

_ - .......... +

++ + + +- _ -=, . .... + _ , - • - •

.......................... + ........... - . ++
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THE WOUND-POLE__ SAI/ENT-POL_ A. C. GENERATOR

The salient-pole, synchronous generator with wound poles is the standard

generator of the electrical industry. It has the highest electrical power out-

- - Because of its wide spread use-and its superiority, all other types of elec- / ....

- ..... generazor, __ _ .......... . _i ..... - _ ..... _

n is usedon _ a_raR and utility systems ahnost to the extrusion of any • _ :

. . In addition to its use as an electrical generator, the sa3ient-pole, wound-

_ Ual load as an induction motor. The cage w_ can be made double to - ....

Within its usable range, the wound-pole synchronous generator has no equal,

but its range of usefulness is timited. Its maximum rotor peripherai speed

at least one slot/phase/pole in the stator. Itsmaximum ope_ tempera-
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These thermal limits, plus the silicon rectifiers' susceptibility to radiation

damage, have forced the need for other more rugged types of generators all

of which are heavier, on a KVA/revolution basis, than the old standby

wound-pole, salient-pole machine.

It is well to remember that within its application range, no other type c[

a-c generator can compare with the wound-polej salient-pole machine and

........ it should bemused whenever _asJble.=__ ..... _ ___=_....... ____ _ ....._- i_ ........... _:_ _=_= ____

.......................................................... _............................................................................................... .}........................ T............................... -i" ........... T".............................
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SALIENT POLEr, WOUND POLE DESIGN CALCULATIONS

Symbol

(1) d punching inside diameter

(2) D punching outside diameter

(3) 1. " core length .. - .

(6) b v width of venti]ztlng ducts

(8) p number of poles -

.......... (9) m -- number of phases

(I0) Q number of slots

(11)bs _.-_ _ stato_alot_

" (13) groin air gap length at center

(14) b ° width of stator slot opening

.IY star winding: 0203000---

(15•i_i?.,_.i_.!_:_ _, ,5,-

(17) y

(18)- tak

(19) Iph

(9.1) C

.coil span in slots

skew in inches ................... -

current per phase

conductors per slot

number of parallel paths in winding

stat. conductor size - dia. or width _ -



F .......

/-'0

. Symbol

(_-3)-

(24) Cz

(25) Eph

k

7

stat. conductor size - thickness

ratio of max. to act. fundamental

phase voltage

(26) E line voltage

(2 7) gmax air gap length at pole tip ..........

(30) - steel speciffcaUon

(31) - lamination thickness

_ran__ _W_d - 020. _ ......... _ _

rmed- 0203000.__ "

- (3"/) X expected coil temp. in°C "

(38) NST number of strands/conductor in depth

(39) I_T distance between centerline of strand_

!- (d): o2o ___ !
L" '- " . (e) 020300 ....

|



Symbol

• - - 24 •

(43) h
0

(44)

(45) b1

(46)h - slot constants

_i/i : ...... bt /
....................... ,] ............................................................................. - ..... _.

(49) h w

(50) btm width of stator tooth 1/2 way down

............. (52) "l,p.......... length_ of pole _body ...............

_ (53) hf . . height of pole body
" i

__-__ -_.-- " _h h _-:- ::.......!- heig]_- of pole head at e,enter-o_ polei-i:.- -_ -/- - " _ . ---'_

.... -__ (55) _'n length of pole head

(56) bh .:- - width of pole head " - -: .... - - . _

(57) - steel specification (pole) =

(58) - lamination thickness (pole) =

" (59) _b " number of damper bars/pole . .

--=-

(_1 hbo op- ; height of slot ening above damper bar

(63)bbo - widthofs_ opening .......

(64) Np number of field turns per pole ii

(65) - Rot, cond. size- dia, or, width

(66) - rot. cond. size - thickness

-_!_ - - (67) _ tr - "mean length of the field turns -- = -

................. = ................
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Symbol

(68) Xr°C

(69) -

(70) -

(71) -

.... (72)

expected rotor coil temp in °C

% load conditions to be studied

high, ave., or low magnetization curve

height of rectangular damper bar

(75) KVA rated KVA

(76) P.F. power factor

.......... [77) b r " " " _ ot rotor slot " " ....... _ "

('/8)bro - _ _ of slot opening_ in rotor slot ......

(79)hb dia.orwidiho_rotorslot

(81)_'_s stator slot pitch at inside stator bore

(82) Tb damper bar pltch

(83) h distance below surface of rotor slot
r

(84) _b damper bar length

:-_':.-:.:-_-- __ '_- : - _--- _.:;-_-:_/_-_;I-=:_.=_:--:._:::-:_-*_A-'-_::L-::_-_;- =-:;_--__{:__-_:.i-_L_--:: _ ::_-...:._:;,_-,;:--:_:TE_.--=:._.:= =._. __-.:.---7;7 _:7:7_-.,-. - ._-_-_ _ .

.._ _. ...... L.LL _- ............................................

• ° ................

is
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SYM

2 hc

0o2o

.... , ...... ,,, ,, , , ,

EQUATIOHS

ts = Ki [t-nvb,] = (4i [(3) - (5)x (6)]

r I I

EXPLANATION "

Soti_ Core --

Length

Depth _ -

r

(Io5)_ q - (!o)" __ Pitch-:-:
I /3 Way_ Tooth....

ks " .-f121tO....-Transfer- om inp_l ...... -_ -

=
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• • " . . , l, '[

-_SK"rr -'rr(=B)
s_nL_L s_n,_(,-_)_

KSK = 4 , _
"CSK-TF - " TF081 Skew,.Factor

2_p ZxOOB)
...... i i i i|

_ 2 _ _ 180° DEstrtbution ";
Kd Kd = Sin .____ Where o¢ =

-._ .... ; (tt0) CL . S m - Fc_ctor _-
.............. _, -= ;

...... . ,,., s_nE_Ym] s,n[90 7(%_]..........__.,_ .___;-._........................__

or" "
I

.. : S_nE'_,,'_]..........L_--S_nE_'l(9)] -:-....;:_;--_-:-_
""_-:_N _Ego_tmt 1_s[nE£oTNx(9)]_or uo.i)._=mtec]er

..........._.Kp _ _ "_: ; . -(n)----.......o....:................-'
i-Kp-=-5*_----_%_--_::== "S=n-_: - - x90 ...... iChordF_ctor---!

ne Q ns Kp KSK (I0)x (ZO)x (Ill)x(I09) TotalEffective_
(I_2) ne = C - (21) Conductors -

=

i i

Qc (23)= 0 +. JQc =.25_ D[ = .2511' (2z Strand Area
_-:._l_->_--'"-'_+_-,____--+--:_+-_:_.=;_.....(l]-S.)..................................................... .................................................

-_--....-_........._z_.o; ::::._j_x(z3),CBsBp¢9 :_¢2;_ _.>.:/.:_-:!___:>:_::
L:-_:__::._.-..._i::5:-.............../--.-:................-.....::--:-_:--------:-i--::--............__.._..._-:._....:_::__L_.:._Is. ..:..__-..:;.L.:.___.::..:.._._

--_---_:-:'" ' :(ZS) 0 i(22)<..188!:t89_(22)_.7S

' -_..........."-_--'_"'.000124•050 .000t2_4t .000124 "

.072 - .0002t0 .000t24 .000124

.,125 .0009__10 .00084 .000124 CONDUCTOR

,165 .000846 r .00084 .0033S0 --AREAS _:

- - .2'25 .0(0890 .00189 .O0_SSO __ x N$T
' , i

.438 -_ ' I r .00335 .007S40I
,00754 .01340 _I .-'

-- ' ""-......- .03020 " " .03020 ""-_
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S

(114)

(J[8)

AREA

(11.9)

Pore

Embro_e

GQp
Area.

i

(122]
_p _ #(Tc. " " (_18)x (I2_)

i

FI_x

Per Pore

i

-) . ", -41F._,,i _
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026)

=

b_ il 3 : i s _/3"bs :

._T
B_ : 0 Is b, )/s

(_os) :-(ll)

: 0)8) ....
0o) xOol} x023) ...... Tooth Densit3 :





20 • (136) x 2o
CxEo," {9} _.(ao3}
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Xad

043)

Xao,
044)

.. " L •

6.38d _ 6.38 x(1)
Xa =

p c3e- - (8)x(15)xCI06)
J

Xod = _/ AaC, CM = 035)xO42)×(l16)x032)

Xnq=X CR Xa = :(I35)x(Is3)x(142)

# =.32t n s O Qc-tt = .32t ,(20)x(tO)=(ttS)x(t27)

E=.283 .50)x(lO)x(lOl)x(7)+lT 2) 7 jx T

ROTOR

Air Gap
Permeance

Direct Axis
Reactance

qu_r_ure _
AxisReactance!

Wei_ght Of "

Wlitght Of:-/!

lion i' :

047)ge=Ks9 = 006)x(t3)
M:

Vr

049)

Xst
" 050

dr-d- 29:=(,)-2x (,3)

Vr = T[dr RPM __ 11"x(148)x(29)
12 • IP_

, =. ,=,r ..

PeripherQt
Speed

__Tr8 -(s3) (s_=" /( )[(148)E2 C54)-.5x(55_-

Xet_ Eth-t], ,.25b Z[(55)-(3_+(sS)+.25,(sO
- t: .jL _j

End

Lectkoge_.•



F9
(154)

_tt = bh

I
('120) x (147)

3.19

i

.....(_57)

_t

-(j58)
_, .oo63s[_,,+x,t+_,,][F9+F_]tp
: =.oo638[050+ (_52)+ (Js3)]x[(_4.1+(_sT)],((s2)

Ampere Turns ]

* =

Leak_9e - ._
Ftux



(t63)

m

(164)

:# .321Npptt_ O.cr =.321x(64)x(8)x(67)x(161) -:

# = DO NOT CALCULATE

IF IF =

(t66)

(no toa¢) =

.... X-F

FNL + Np = (197) +(64)

: ::EF= Z_xP,_,= 065)x (J62) : :, ....... :_-:,:-

Weight Of

Rotor Copper

Weight Of
Rotor Zron _j

_ - - ;= IF +¢= = 065)+ Ool) - A_s/x..2

.... ;- -_ - - Rotm" -_

i :i
-(168 ...... _ _e_ e "

XF

- ;(17o) : _ -............ -

. = (64)2x (8)x(52)x x (121)x (14Z)+ ('168 XlO"8

r
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(17z) _b= 6.38Lbbo 3_, (6"_

(t73) Apt = 6.38 bh b - = 6.383c1¢ 3x (147)

35 _t

PermeanceOf

- DEmper BQr I

Embe_decLInIron-

Permeo.nceOf

EndPortion Of

l:)o.mperBars

.... ([74,) . "'- ], _J " "Ab+Apt +,_F Direct Axis -:.............i.......... :.......L.....................J,.l._ -;.......,:....-i--.:._:.:.....:::._::-.-..:
- - _fcosF[(59)-l]X(61)x_,l'L-j'[(72)+(73)]x(68)I : .... : : "

• -I' L z,(Jo8) jJ'L (72)+(73)+ (68) ._

XDd

............07s) xo_=x _o_ = (J35)x (!74)- " .....

|

= zo,(_,)F_ +(,7,1,.s+(,3)I
(,08)L(O3) (61) J

PermeanceIn _]

_aadratumAxis-!

- -078)

Xt + Xad. = (4-1)÷ (44)

, i r

x_,,=xt + XF = (41) +(69) .
F

i i i J i

- S_n.
ReactanceIn

.DirectAxis "
i

$_In.

ReactanceIn

I_uadratur¢ AX{S

Uns_t. :

Trans. • :I

Re_cto_c¢ ;i

.-. X¢

...........:...........:---:REACTANCES :&-:-TIME:CONSTANTS-: ...............- .
ii i i I

. Leak_e

. .6)-.:_-..:_......::-.---_.,,-: ..., Re.act_c¢ In
............ ' Axi:s



m

,080
X'd= .88X'du =.88 x

_ m_

08o). •

_f(59)_o

Sat.Trans._I
Reactance -_'

Subtrans
2

Reactance
InDirectAxis

XBWo
OBB).

.... " __ i .i:

__x:---._.._L_._._._-,-4_--__4,(9)xuo_)...--,__J.< - _:i
, , !

' 085)
XBoJ\, - K--_O--xX Dq.- (]-_)X (176) .... -__U87)',_so- Kx :

i H| i I|

" K'_O " - ----_ ='-" (185) " I ' .

u i ! _ 1

i II





098)

FNL: F9+:F S+.FR:

38
,, ,|

054)+(_s7)+(198)

_e: CO,SI[-pOWer'Factor] i

Assume e _ tterQte Til.t C_ e - (76) _+10-5
I00

ed 1 ed= CaSE +.xd SinW : Cos(200)+ (178)SEn 099)...... (2o0 zo--o
t
I

-_PL

_: _ (2oz) : _ - • - " :(,i22) (201)" Sin(iqg)

_tt= (Z}t_-d Fg+CJ+ C°sE)]Fg+ FT + FcFT+F_

+cos(

- 011
(203)

No Load

Ampere Turns;

Pov_erFacfor

Angte ,

,., (2o4

BpL

(2o5

.-FpL

(2o6)

, ,, • |,,,r , ,,, ,,

Fp L = [hf "+hi4] [NI/In' At DetlSi.ttJ Of BPL_

1

Ftux I Pate ;
, .,_

Ftux Density-
At Base

Of' Pate -

Am l:_meTurns
'_I Pate --
AtLoad



FFL

• ,j - ° :i

;FFL = e_ F9 + +COS0 FT+ FC+ FpL _ IRatelLo_I ,. _ l
Ampere Tarns

= (201)x (154)+[1+C0S (76)]x(155)+(156)+ (206) .
iw

ChanOe f_CtOr t00 in (t99) (20t) (202) _o T5 _

_ Over

_SCR :SCR= FNL -_('i97) _ _ . _- L_ -_- -_h_ Clr_It i_



_5

(2J8)

144

_ (219)

[(29) OlK3 = fn [FT]. = t.5147 x 10"-5x L-'6-0--x (I

= !.5147xt0{1"74 tQg [(2q)/60] x(lo)} x 10"5

Kr

(224)

_

4O
|

Repeat(I06)us_n9br(77)in pt_ceofbs (10
and.bro(ZS)in-ptaceof bo04) ....

Rotor Stot

C_rters

fsi

(2z7)

fsz
(zzs

_si= 2qrnf = 2,03)x(9)x(40
r I

fsz = 2 fsl_ = 2x (227) .....

i=1 =

(226)

- |ill r |

| ,



P

Si

_2
(231)

-- -- r Id i i r j

..............@32_

- 41

s2 32_ R228)q'/2- -:. , hb= .32 L( J  L79)

K_I Kfl=&_s!]=.zp8s_- .:3z=,2osx(23o)-.2_z;If(z3o)>L51 •

:]

_10t_09.025*2.875_ LOg(Z30)]; If(230).<1.5 •
, ,H ii .... i J i= i

_S

(235)

Repeat (232) Using(#0 In Place_ (230)
T • II

If (60)_ o or (60)=o And(72): (73);

re i

Xc .=,75/K{I = .75/(232) .........

.......... __'__L.i . .... ::,

,, i ..... ,i, i el =1 • ,

i

:n_ (63), (22_)+(_34)Xs _ + Xt + Xc = (_ .....

_ _:b _ (82)
9 (225) × (,13)

' HI

7

' I nl

i i

ii



K,..x,
,l_w' m

(24o)

WONL

(242)

so

K_,=Sn[-_/'r,]=S.[(82)/('80]

WDNL =

u
m

(al) -_ +i

[ 9]2x1.246 p nb 1.pio Ts B9 V,pK
(:ibx I0 3

1.246 x (8)x(59)x (84)x(229)

O.b x I0 9
181)x(120)x(237)x(225)]2

x{23<2 ('238) 2• x(23s)+[(230)/(:240)]]

+(233)[2_(239) '}(23s)+[(2aa)/(24_)]]
whereCtb=.25n-x(60)2;if(60)# 0

= (72) x (75) ;if(60) = 0

e

No Loo.d.

Do.roperLOSS

.... i i

L

• t



(247)

(248) = Ratin 9 +-YLosses = (247)+(246)

%Loss=_-Losses.Rctin9+_LOSSeS=_246)-(Z48_x,o0

I

(250)

(25,)

!

(2521

% Efficiency = IOO% - % Loss = I0O - (,249)

Watts/In2= WT.L+Wc+StQtor 12 R ,+Eddg,,Loss
- ITDt

n

[(214) +(215)+(243) *(244--_

Tr,(2)×(s)

Watts/1:n2= EW'PNll "1" WDNL.'I" 12 RR3

_iTdr tp
_ _(?.23)+(242) * (2.45£
I

TTx(148) ×(52)

43

Stator 12 R 1

Eddg Loss

Sum
Losses

Rating

Rating Ptus
Losses

Percent Loss

StatorWatts

Per_ Inch

RotorWQtts
PerSo,Inch



WTL

(253)

Ksc

(254)

WpL

(256)

WDL

(257)

IFL

(259)

1

(_6o)
: .

Repeet for % toa_ =.25,.50,.75_ 1.00_ 1.25_ 1.50_ 2.00

_  o{.,,o2z-.,7369 -,]}; boA>3.75
= =0{.t78_5-.334s9tog[[(,)/(,3):I-_]};_ bo/_}<3.7s

-- [Ks__:P_r's] 2cFg +l Iz54) x(_9),goto_¢,(zo)]2+(21)x(J54) a

Repeat for % to&c[=.25,.50_.75,1.O0_l.25_l.50,2.00

RepeQt for each wt_e of (255)above

WDL =_!' S_CIph_S. 21 WDNL=(Z55) X(242)
LL C_

Repeat for each rattleof (255) _bove

Chan9e f_ctor I00 {n (199)(201)(202) to 400_200,
133, 80_ 67, 50 & repeat (199) to (207) for e¢ch f_ctor

LO_ Ampere Turns
IFL= Np

1
w

(207) for eech vet_e of ( 258 )ll

(64)

Repe&t (243) to (252)_sin 9 v&t_es of (253),(255),(256),

(257),(259) & % to&¢ for _ech to(_ condition '

.2

Stator Tooth

Loss/LO&_

Pore Face

LoSS/LO_([

i

O_mper

LOSS/LO_([

l

Fietct

Amps/Loc¢

- _.-_



(261)

Ft

Fc

(266_

........ NO LOAB sATU'RATION

Votts= Eph x_/_ x% =(25)x_/_ x% _OrE_[naISetAt.80]

F9: (154)x%

Bt:024) x %

Ft=Repeat(15s)UsingDensLf_(263>

Fc= Repeot (156) Us_n9 DensitLj (2G5)

01
(268)

Bp

(270)

F9 + Fs = F9+ Ft+ Fc = (262) +(2ro4) +(266)

_t: 6.3s_tZ_5,)+(_5_)+(,5_ , (2s7)x(sR)

_p-(2s9)/(_5o)

.Fp
(271)

Fp : FR: Repeat 096) Using 9ensLt_t(2"/0)
..... i i , H i .

= Fg+ Fs+FR = (267)+(271)

RepeQtSteps(261)thru(272)Ustn9 % Of

.9 _1.01:1.1_ 1.2, 1.3_ 1.4_ 1,5_ 1.6.

Repeat StepsOss),(156),(196)Using Opposite
Dctrem¢ Of-SaturQ'_ionCurveAnd Then .

RepeQt Steps(261)thru (2./3),
i i i HHI I JI

I I

i

45

r J

Votts

A[rGQpA.T.

ToothDens{t9

A.T. PerPole
ForTooth

i

CoreDensi_,L3

A.T.PerPole
ForCoLt

Stator
AmpereTurns

Leokage
Flux

Toter F1uz
Per Pole

PoleDcnsitLj

Pole
Ampere Turns

i

14oLood
Ampere Turns

,i , ,

" 4Z.C"



Air Gap Per=. ....152.5

React. Of Arm. Xad 113 X_--_ B'7

.qt. Of Copper_,

300" r
Open Circ. Tlue Co_._

Arm. Time Con. -00279_

Trmns. Time CoQ. .01_



2. Code all unspecified information as 0.

# It is not necessary to specify C I and L E unless desired.

* If tsk = 0, use .0001.

p 8

m 3

i " 32O

RI:_ 4800

KVA 3O

E 208

Eph 120

_h 83.3

P.F. .75

%Load o

P

FFF

d

Ki-l_t.

100

200

3

7.25

D • 9.25

1 s.o

Ki-Stat.. 92
J

watta/tb 15.0

B 77.4

.97

_K1 • 1. t7
AAA ' -.038 •

__BB " 3.47

bo
bl

'b2

bs

.06

ho
hl

o_

• 122

btm .130

.020

h2

hs

ht

hw

EEE

CCC

Std.Dla.ox
width - s

hst

•364

.434

0

.030

.5

216

.075

• 162

# C 1 1,018

°C -S 150

bp
g

,

db .25
Nst t

h'st .192

"bh 1.975

1.10

.035

gmax ,047

hi .979

h h .406

1,h 3.0

tp 3.o
.7U

fo(

Bar Dta.or _156
hbl

Ib 3.0

Nb _5

t b .403

Pdamper
bars 1.04

Crotor 1

Cond.Dia..0641
or width-R

i

Co_.Thfck-
ness-R --

_tr I0.13

Np 68

°C-R 150

Stator - MS 6003
Lower

Rotor - MS 6002
Lower



...... 8

L-$ 2H-C Q K-S

- _127600000 _111320000 _140000000 _11081918J_

K-S-K

1loe. ..,ooo

K-D K-P N-E A-C S C-t

_095766228 _096592582 5318545775 Z_911357250 _733_5220 _1101 _80000

C-W O-T GAP-A B--G C-P

._039829606 _435198354 _268329800 -_2515122_9

T-S B-T B-C L-T P-PH

_06450648S

O_ 0 _ :_

_328381527

EOFTP

_023725625 _310650982 _2908_653 _176234816 Z_9_936752 _I 11665678

. EDFBH C-H C-Q A X LAH- I

_t10237587 _084061346 _061960OO0 _367826765 _O87586776 _135308538

LAH-E X-L LAH-A .; XAD XAQ WT-CU

_154285781

WT-FE

g216291560

AP

_13201 ^_^^

_178472775 _315268843 -. _31 !ki_287

LAMSL LAHEL LAMTL

_081010762 _0418OOOOO _064863496

_282862127

'OL

_226681990

 153362o85 ]

RF
f

_117862531

ACR WTRCU XF LF XDD XDQ

_832270592 _157084774 _213689221 _O18306463 _143506836 _156025170

XD XQ XIDU XID X2D X2Q

_312229014 _290709404 _221536498 _218952118 _212197961 _213449794

x2

_212823877

ELL

_3208o0000

BT

_.:310650982

RAMPS

_212193116

X0

_138050721

RPH

_4480000OO

BC

g29o8 655

RVOLT

_221779991

I •

T1D0

To 10 248526

PF

_Jo75oo,_,oo

FG

_361148253

ASQi N.

g437783986

TA

10983 4 i 2055

TID

 9158828 

OL BP

_226681990 _297000081

F+IH STATH,

-_334729156

T2D'. •

   oooooo
ii

FNL 1

SCORE

_318454792 _339801866



PFACE

#% IN 453 lv473v 5

RATNG

DAMPR S i SQR EDDY

g131601763 -

RT+LS PLOSS PEFF

: 49. .
RISQR " " TLOSS_ .-

_32655659_- _413033147 _i
SWS I N RWS I N -

PLOAD

_413033147

IPH

_'3 I0000000. _166824033 _155187980

_11000OOOO

SI

_264445OO9

_28330OO00

ED OLL

$120235302 _251562235

OPL

_330178991

BPL

_3110388O4

FFL

_417205019

FSC SCR

_374778284 _I 11087870

RAMPS RVOLT

_225301498 _245194879

PFACE DAHPR

ASQIN

_478404195_,

SISQR

F+W STATH SCORE

_334729156 _323477044 _339801866

EDDY RISQR TLOSS

_312684223

RATNG

5522507653

_138273880

RT+LS

_525786353

_393543353

PLOSS

_212714867

_2890188_8

PEFF

_287285140

_411434981

SWSIN

_219009597

_432787006 _
o

RWSIN

_2i8829163 :

PLOAD IPH

12000 0000 _J316660000

S! ED OLL. OPL BPL FFL-

_'273145620

YSC

_131912234

SCR

_277210584 _332752915 _3126_1_ 165 ._428741649

_374778284

RAMPS

5242267130

_111087870

RVOLT

_275499791

ASQIN

_513097723

' STATH

_335943291

SCORE

_3 398O 1866

PFACE

_.R19317758

RATNG

_545015306

DANPR .S I SQR

_158290174 _43741734'I

RT+LS PLOSS

_553608024 _21602879i

EDDY

_335607539

PEFF

_283971210

RISQR

_431911593

SWSIN

_255692880

TLOSS

_485927182

RWSIN

_250098573



LOC. BELL INSTRUCT IONS PASs I PAGE _I

CO-I ,.,4,,,.,9,.,,,979m_ _ 9C08972991 9000969990 9006966984 9000965982 9008957972

_'07 -''' '_9_94497v 9014943956 9002941953 9003938948 9005933941 9000932939

_13 90C4928932 9CC4924928 -_ _vv23_v926 -_ _9_v2922924 -_ _ 9_vv3vv938 9_uv94_-__

_19 90C030C971 -_ _ 9,,,,23,,,,951 90_C300955 -_ _'_9_95797v _C02300946-_" _ 9,,,,23,,,,922

_'25 _205001026 ];909758C26 _C,CCCCCCC,C "-'_"""""'_'" ,_,-,,v,,_,-,,.,,.,,.,,., _,.,,.,,.,,.,,,,.,,.,,.,,.,

5O

• i ,,



LOC. ;

`,`,I `,4`,`,9`,`,999

507 _919000801

513 ];932000802

519 ];410950020

525 _" " "'`"",.,2,.,3.,.,,.,.,16

5.3 t 5939939776

5.37 _ " """"`,2`,3`,`,`,`,45

5.43 -" "" """I`,`,`,778`,`,`,

5.49 3.705961000

#'% #",,¢"% ._"%¢",Lm,,#'%555 ,,3̀ ,3`,,,,,`,`,`,

561 _00003210

5.67 -""""9`,`,`,`,14910

5.73 T079900000

5.79 _ _ _^•.,2`,3`,`,`,`,80

5.85 R _'`_`,353`,w`,`,`,

3`,`,`,78`,781591 -'"" "

5.97 -^'`2,,,.,0781,_,,,,

T03 2400871095

To9 5353000000

- 9`,`,`,957781115 -_""

T21 2718956000

T27 5050139728

T33 0-060139001

T39 -_"" "%`,`,76v896

T45 -"`" "`"

T51 -""" " "''

T57 -"'' '_9,,`,,.,8`,9784

T63 -___9,,,.,,,785149

BELL INSTRUCTIONS

- """ 1`,`,`, 92_,`,,.,,,,5922923`,`,,, -""" "`"""

39487,.,,.,,.,,.,,.,2801 _''''"

69,.,7,,3,,,,21

`, 2`, 3 _ `, `, 525

3707974000

_933933778

];779000803

o'%#'% A'% #_#% t_ #"%];_v`,84`,`,_`,

_00779805

j.% d.%f% _,%#%747,,,,,,,,,,14

6280241060

T610695180

390180 2000

_953779806

_71390 1""`

_`,,_`,968&.,9

J", ,'m_,q%378090 I,_,_`,

];.000781806

`,2`,2`,25121

5201123 125

5203000130

5_o613o001

0011002139

_897000781

];000959808

_I'% q% C'%9,.,`,`, 149785

5.005120149

_'400151095

i"OO0918000

i"000939000

_'974708779

3"901802000

r-,000758779

5.205079058

T802100051

3.180264610

2649010120

];713000000

`,2`,3`,`,`,111

5353000000

,.,2,.,3,,,,,,149

_7 _3000000

_901802000

39569560o0

oo5o 139720

5.050139736

O010007130

_899898898

5005130750

3"959809000

_002994956

_002782956

PASS

3-'000921800

5.203000012

];000932818

500 50150 24

3"000705000

3ooo818777

3"933709000

];96`,`,,,`,8`,4

T84084o780

T510639000

];610684012

7280120015

5.203000080

5.353000000

3"780901`,`,`,

];953781806

_501010102

53 53000000

z[.960000000

3.000705000

5203000130

5.050137750

5'1o0o00000

_899957000

5.203000096

];9O7O00810

_000746149

_""" 809848

51
II PAGE O1 -

- """ I`,,.,.,9180001948948`,`,`, _"""

5.000701000 3"900901000

2818933940 _" " """'``,2,,3`,`,`,,.,26

5454704000 3.918705000

];000932775 5203000`,930

T00o776000 zi777000803

T000779000 _'000818779

3"7o5918o00 ];000900840

3"705961000 ];00o780000

_132106380 5000321067

5'021106951 5675111063

T079900008 ];910740015

3"901802o00 3"000802779

3O00802779 ];713901000

I_713o00000 5353000000

5203000111 3.956957000

6907150103 6907160103

_I'% #%/'% _'%
5`,`,`,78`,781 ];713901"""`,`,`,

3"000713000 _,353000807

5203000680 5203000149

2709956000 5201127129

2957751005' 520 1133136

_]000750891_ 5011002137

];000898898

3"932962000

_000982841

_897896000

3"000807000

_002956782

5'005120163 5.203000592

9`,`,`,7848_9 §000963786



- LOC

T69

T75

T81

T87

T93

T99

_o5

211

217

223

_29

_47

_53

_59

_65

_71

_77

_83

_89

_95

3.01

3.0,7

353

3.19

3"25

331

. BELL INSTRUCT IONS

,.,2,,3,,,,,,5375352`,`,`,`,`,`,`,2`,2025179 '_'_"'_"

3.000748000

3"0,00906000

3.000903781

`,2v3`,`,`,544

I`,.,,.,,,749,,,,,.,

3,.,,,,,9,,1781

39,,5759`,`,`,

f% b'%Lm'Ll_ #'%¢%
`,352`,`,`,`,`,`,

3"000781811

_90581_000

_-_00781813

_000760000

_'93 2800000

R" ,',,,2,,2025244

_000758000

3000960000

_" I% f"_f% ,II'_`,2`,3`,_`,244

_900781000

_758966000

3"000962000

_781000822

T-¢00781000

3.000000782

3.000781000

3"000809ooo

r_o0o758000

3.705841000

I &,_`,`, `,`,`, _

T+000802789

,,2,,3`,`,v322

3.000330000

T939939ooo

3000787000

,,2,,3,,,,,,958

_'202025222

3"ooo705ooo

3.818818781

3.000960781

T000781788

3000932000

5203000550

3968968000

T000714823

r-_ooo78 io0o

`, 3 `, 3 `, `, l,_l IM li,#l_#

T000782ooo

P_SS II

5,,w747,,,_v `,351,,,,,,781

5203000180 .9000963811

3`,`,`,8,,6,,`,`,Zi:000781812

3705918000 -''' "3`,,.,`,92`,814

5351000781 Ii974840000

3.O00781816

_813,.,,,,.,819 3.8`,18`,`,,,,`,`,

2900758000 _'202025218

9000764781 5203000223

,.,`,,,781000 2`,`,,,

_939939000 T000781000

_943758000 -"""' """1`,`,,,967,.,`,,.,

I`,`,,.,92`,821 Ta_4 _ _'''''"

3.000821781 3.959959OOO

`,,,769781 3.97`,962,.,`,`,

3.00077078! 3.969920557

2`,`,,.,714,.,`,`, _000771"""`,`,`,

3`,`,,,7697813939783000 _"'""

-_'^""""""'_ 5`,`,,.,773000`,`,11,,,#`,`,`,`,`,`, _.r_ ,t"w #%

T1% #,,..#,%_,_, _._ #,,_ #-_ #"t _1"% %_"¢'%#% #'_,.,,, ,.,,.,`,`,,.,,.,,, 3`,`,,.,758781

Zi:000781825 3841 296000

_0o080700o

3`,,.,`,689`,`,`,

52o _5233 _8

3.000806000

38_8771000

._o518ooooo _9o9758o00

3959818781

3.000815781

`, 2`,3_`,`,675

12`,`,`,`,`,_50

Tooo939ooo

3.907962000

3827806000

27o6789o0o

3.807807000

T-_,oo8o2791

_943ooo782

52
PAGE 02 -

53 52841000

5300758000

3.000808000

_813814815

53 52`,`,_`,`,_

3.000813000 Ii000900817 "

li817000820

9000763781

9000765781

T000717000

`,3`,`,`,,,`,781

3000705000

I_000767000

_'000809000

3.000902000

ziooo97oooo

3'000782000

3"970962000

T00o823824

_705841000

_000297826

._,87600000
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TABLE 2.-V'ALUE5 OF KdnFoR INTEGRAL .SLOT 3_ WINDI_/G5

1 .9_6

3 .7o7

.5" - .2E?

7 -. 25q

-- .707

II - •966

3 -. %6

15" - .7o7 !

- . z_q I17

21 .7o7

23 .96_

2S ; •qg6

2 7 1 .7o7

2q I .zs'9

3

.q_o

.g(,7

.2_7

- ,177

4

•q$9

,_;E_.

.2o_"

- . 15_

- • 333 -- .17o

- .1"17 - .126

.2i 7 ,126

•6_7 .270

0.,'. ,oo . ISg

•ggo - . Zof

•2_7

k',:In- HARP4oNIc Dl$"rRiBur'lo_ FAcToR3

- .177

- ,3_3

- .177

.2t7

-. _s_; 1

_ 6

•-_ .qs7

•_46 • [_ 4

.2c,o •/q7

- . - .
--..Iso -. Ioz

•/oz . ogz

•200 .172.

• io2. . o8,9

- . ,vo - . oE'_

- . 2,¢7 -. 17Z

- ./4'/'i - .oqz

.280 ./OZ.

•-_ .14E

.q__ -. 7

7

• _4Z

. lqS"

- .t43

- .Z:_q

- .097

. O_,(a

•/58

.07_

g q to

_qs'6_ . qss

:';<°l "'+'q
- -+'+'+

- .141 -. 140

-._9_ --.oY3

• oe3 •.OBI

• tq3

--. 140

,2ZO

".,oqz

• 141

.07o

-.OT, Zl - "°gg

-./,¢-_{ -.tz7

J..._._

' t.o6& ,a&#-

- .07Z

.O75"

,. 097

1

. uo_ [ ._a=, I "'+P"

./ZT + .Ill t ./Or.

-.o o

- . t36

- , ZIT.

.087

.tz7

•0_6

- .oa'q

-" . og/

- .oqt

a. :) e_

07/

•_

-- ._t

: -%

i

59

37

3_

,:/.5

4q

51

- . 7cq

- .9_
, h

- ,707

- .z_

.... 17o7

.6q6

• 200

- .tq9

- .247

- ,ItO

•_;7 . z7o

.7_,o ._z6

.riCO -- .126

•gg7 -. 270

•z_7 - ./S8

- ./77 .2oF

- . 333 •_4

-. t?7 .qsg

• 2/7 . qs_

•6_7 . L_

• 9_,o .2_

.9_o - .t_8

• _g7 - . Z7o

• 217 -- . 126

- . 177 . tzg

-. 3_3 . z7o

- .t77 ,1_8

- ,gq4

-. 757

-. 9.._

-. 6q_ . £4z

- ./97 .q57

• _q_ .qs7

,2_6 . _qz

• loZ . toz .Iq_

•-..llO - . oqz -, 143

- . zz9 - . _o

- , tq3 -,o83
, ,, ,

• t 9_ .095

.2Z_"

• 141

-. t<74.

- , g41

-. 9S6

- ,qS6

- ._7z - ,:zzq

, j,

-, 118 -- . tot

-.06z - .OEz

• o(,6 .6s,_
, ,,, ,,, ,,

•!_9 . t t;L

.o8, -0"oo

- .Oq3 - ,o6¢

--.2Z_. -- .lg.I

-- ._4o -- ._Tq

.19_I

- , 0_8 1
i

- .oz7 i

•oqz •otq

.707 -, 2q7 .220

53 .z_q --./*tq -. oq7 . _46

sS . o86 -, tq3 -.or7

57

$q

I_ -. 084.o'_.

• t 7z

,09-2.

- ,iOZ

-. z_6

-, ,+s

+[ I" '-

- , 1.79

- . 707

-, q66

gl -. q_6

o/3 - , 707

.,, 6,_ .6,_o
= ,,

-,/q, ,qs_

• t41 , c/SS

.ZzS" ,g_o

II IIIII II

• 2O0

.qs7

.9a7

- ._

I i

,038

- ,0_3

.O7S •oq_ •_q4 - .9_ -.o/_

- ,<o-. 07Z - .083

- , 143 -. lEO - . 222. - .63] .03o

-.o7z - .07o - _oq3 - .Iq3 .o_

,,,,_,,_ .,o : . +¢

" - ........ ..i-.. k L,_-.- +,: ! 2 _ :.
I
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ROUND COPPER WI_E :

36

39

3q

33

.0o5o I.OOOOJq6

.0o0o2q6

. OoooBJz.0063

42. _4 . 005(,

! 338 '_.O0_Z

266 .0070

.0060

•00_6

• 007_,

• OoTt i'°°0°396

• 07_7

• 1201

2_0 i. OOTq

I

.oo8:4

5_{.1" _,46

.OsqZ ! .0o0t58

66

3Z .oo°_0 !.oooo5o3 165 .0088 .ooq_ .O_Zl 1937
I

91 .0089 ! .O0006ZZ 13_ .OOq7 I .OJOL+ .0130 .Z398

30 l.oaoo ,I.oooo789 Io6 .o_o8 I.o,_6 .o,_z .30Z_ .0_32 .o_52

29 .0113 t .O00too 83.1 .0_2 .0_30 .0_96 ._866 .01'-t9 .0_6_

2.8 .0_26 .000t25 66.9 .O_3E .01_ .0_69 .H806 .0t58 .0178

52.6

• o_sq I .O0o:qq
I

.o__q i .ooozsz

• OZOI .000 317

2.7

26

29

23

?-2

2f

20

.07_26 j .000901

.0259 •000507

.o00638

.0oo8o4

.O010Z

.OOiZ6

.0o_59
!
I .o02oq

1 .00255
I

i
I .0032Z

.00907

.o05_5

/'t I. 7

19 .0360

18 .0,403

.0508

• 0571

.O&_

16

iu;

I_ • 071

IZ .08o8

.0907 .00650

• iOZ

.t_q.

•0o8_7

._zq

.0_07.

il

I0

8

7

330

26.Z

20.7

/6.q"

J30

10.3

6.sq

4.07

3.26

2._'S

2.09

t6_

I. Z8

I. OZ

.8 _u,.

.639

• 5_0

.'_o3

.3_q

.25_+

.Zoz

• Ig9

.100

.0791

•o oo

• OICiZ

.o_6q

I • OiqO

I .02_3

i .0238

.0Z66

.02qq

.o339

• 0)7_

.OS2q.

• o_88

.O65q

.0738

.0827

.0927

.1039

.lt69

.13o6

•/_; (,S

._6u_

• 18_2

6

5

q

3

.OI61

.O_7q

•0200

.0225

.02_9

.0277

.03_0

.03_6

.0586

•0938

•0602

.0673

•0793

.08_z

.O9_Z

.lO_g

.llBt

.1_25

• Iq-R2

• t_6t

• _8&i

• ot86

• ozo3

• OZzq

.o263

^"89• v¢-

.03_7

.03wq

.o38_

• oqzq

• 0_79

I oo 9
.07_0

• o789

.0877

• 0977

• to8q

.12Z9

.1366

.1529

• 17o3

. _qoz

2

0

.OI31

. o_6_,

• 6_o_

.766o

.q7o

1.223

.017_

.O_ql

.OZ_

.025"_

!.59G .0274,

1.937 .0303

2/4 _59 .033_/

3. oqq .0370

3.900

9.q_'4

6.2:_

7. g_Z

q. 87

12.4_

Iq.76

2_. 90

3L_3

39. 62

_9. 98

6_.0.3

794_

/O0.Z

• c,,_,oO,

• o9o3

.oEs8

.06Z_

.06q_

• 0770

• o8_8

•09_7

.1o69

.IZOq"

./go3

•1680

• t8vq

126.5 .2_o3

199.3

200.q

|

. I_/t4

.;6Z

.ozo6 i
• _Sz .oz60

.2oq- .0:317

,2zq

.Zg8

I

{ .Oq_g

I .osz3

.o8_o.325'

.OZll

.o23_

.0276

i -.o3o_

• o_z8

.0360

.o3qff

.0"439

• 0'_78

.o_8

• oE83

.0696

.07/6

.0799

.0803

• OqSZ

,125_

• t395

.1730

2./0 i .365 _Og

4"/0 .96o . _66
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STATOR

PUNCHING I. D. --(d) The inside diameter of the stator punchings.

PUNCHING O. D. --(D) The outside diameter of the stator punchings.

CORE LENGTH -(-_) The overall length of the stator iron. Also record

on this line the solid core length (_). The solid length is the over-

all length times the stacking factor (Ki). The stacking factor allows

for the coating on the punchings, the burrs due to slotting, and the

deviations in flatness. Approximate values of K i are given in the

table below.

THICKNESS OF

LAMINATIONS K:
(_rN.CHES) GAGE 1

• 014 29 0.92

• 018 26 0.93

• 025 24 0.95

• 028 23 0.97

• 063 -- 0.98

• 125 -- 0.99

If ventilating ducts are used their length must be subtracted from the

overall length also.

DEPTH BELOW SLOTS x 2--(2h c) The depth of the stator core below the

slots times 2.

2h c = D = (d+2h s)

Due to mechanical strength reasons h c should never be less than 70%

of hs.
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SLOTS--(Q) The number of stator slots. Write Q as a product of poles

(p) times phases (m) times slots per phase per pole (q). Thus pmq =

Q. In general fractions of q close to 1/3 and 2/3 should be avoided,

because these fractions are inclined toward producing force poles that

cause excessive noise and vibration. In three phase machines frac-

tions of q with thirds or any multiple of three in the denominator

should be avoided because with these values a balanced winding can-

not be obtained.

SIZE SLOTS--(b s and hs)

the stator slot (hs).

The width of the stator slot (bs) and the depth of

CARTER COEFFICIENT--(Ks) The Carter coefficient for the stator slots.

K
S

t s (5g+b s)

2
ts(5g+bs)-b s

(Ior open slots)

K
S

ts(4.44g+. 75b o)

t s (4.44g+. 75b o) -bo 2

(for partially closed slots)

TYPE WINDING-- Record whether star or delta (Y orA ), and whether se-

ries or parallel.

THROW--(y) The coil span in slots. Record the percent span (y/mq) and

designate the slots in which the coil is placed (1 + y).

SKEW AND DISTRIBUTION FACTORS--(Ksk and K_ The skew factor (KsQ

is the ratio of the voltage induced in the coils to the voltage that

sould be induced if there was no skew.
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OR Ksk =

tsk 7]"
sin

P

tsk 7]"

P

The distribution factor (K_ is the ratio of the voltage induced in the

coils to the voltage that would be induced if the winding was concen-

trated in a single slot

q sinoCs/2
(for integral slot machimes)

sin(N _ m/2)

Kd = N sinoC m/2
(for fractional slot machines)

See table 2 in the non-salient pole manual for a compilation of distribu-

tion factors for the various harmonics. See "Grouping of Fractional

Slot Windings" and "Distribution Factor" sections of the non-salient

pole manual for an explanation of K d for fractional slot machines.

CHORD FACTOR--(%) The ratio of the voltage induced in the coil to the

voltage that would be induced in a full pitched coil.

See Table 1 in the non-salient pole manual for a compilation of the

pitch factors for the various harmonics.



CONDUCTORS PER SLOT--(ns) The actual number of conductors per slot.

For random wound slots use a space factor of 80% to 85% when deter-

mining the permissable number.

77

TOTAL EFFECTIVE CONDUCTORS--(ne) The actual number of effective

series conductors in the stator winding taking into account the chord

and skew factors but not allowing for the distribution factor.

n = Qns%Ksk
e C

CONDUCTOR SIZE-- Record the number of strands making up each conduc-

tor and their bare and insulated sizes• Indicate also the type of strand

insulation.

CONDUCTOR AREA--(a ) The actual area of the conductor taking into ac-

count the corner radius on square and rectangular wire. See the fol-

lowing table for typical values of corner radii•

a
c

2
(width of cond:)x(thickness of cond. ) - . 858r

C

Corner Radii

Thickness

• 689 & up

• 688 - . 439

• 438 - . 226

• 225 - . 166

.165 -. 126

• 125 -. 073

.072 - . 051

• 050 & under

• 751 & Up

3/16

Width

.187-.750

3/16

1/8 3/32

3/32 1/16

1/16 3/64

1/16 1/32

Rounded

edge

Rounded

edge

Rounded

edge

1/32

Rounded

edge

Rounded

edge

Up to. 188

3/64

1/32

1/64

1/64

Rounded

edge

2
Corner .858r

C

1/64 .00021

1/32 •00084

3/64 .00189

1/16 .00335

3/32 .00754

1/8 .0134

3/16 .0302
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Square wire . 072 and under has a radius of . 012. A rounded edge is

produced by rolling round wire to the specified size.

CURRENT DENSITY- - (s) The amperes per square inch of conductor.

s _h
Ca

C

WINDING CONSTANT--(C_ The ratio of the RMS line voltage for a full

pitched winding to that which would be introduced in all the conductors

in series if the density were uniform and equal to the maximum value.

EC1K d
t.; --

w  .phm

Assuming K d = . 955, C w = . 225 C 1 for three phase delta machines

and C w = . 390C 1 for three phase star ones. C 1 is the ratio of the

maximum fundamental of the field form to the actual maximum of the

field form. For pole heads with more than one radius the field form

is determined from a flux plot of the air gap flux at no load, neglecting

saturation, and C 1 is then obtained by Fourier analysis. For pole heads

with only one radius, e I is obtained from curve #4. The graphical flux

plotting method of determining C 1 is explained in the section titled

"Derivations."

TOTAL FLUX--_2_ The total flux that would exist in the gap if the density

was uniform and equal to the maximum gap density.

6000El0 6

0T = C n RPM
W e



GAP AREA-- The area of the gap surface at the stator bore = _d_

79

GAP DENSITY--(B_ The maximum flux density in the air gap.

0 T
B -

g 7rd

POLE CONSTANT--(Cp) The ratio of the average to the maximum value of

the field form. For pole heads with more than one radius Cp is calcu-

lated from the same field form that was used to determine C1, and this

method is described in the second part of the manual. For pole heads

with only one radius C
n

is obtained from curve #4. Note the correction

factor at the top of the curve.

FLUX PER POLE--(%) The total flux per pole.

TOOTH PITCH--(t s and t _1s 3 ) The stator slot pitch on the inside stator bore,

and the stator slot pitch at a distance a third of the way up the tooth.

7fd ;rf(d + _ hs)

t s = --_ tsl/3 - Q

TOOTH DENSITY- - (B t) The flux density in the stator tooth at 1/3 of the

distance from the minimum section.

(ST

B t = where b t 1/3 = ts 1/3 - bs

Q_sbt 1/3
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CORE DENsrrY--(B c) The flux density in the stator core.

B c - 2hc_ s

GRADE OF IRON-- Alloy identification and lamination thickness of stator

iron.

1/2 MEAN TURN--(_ The average length of one conductor.

_t = _+LE

where L E = the end extension length

For random wound coils

L E = .5 + Q

Kt 77"y(d+h s)

where K t = constant depending on the number of poles

K t = 1.3 for 2 poles; 1.5 for 4 poles; and 1.7 for 6 poles and
up

For formed coils

= _Pe2 (hl+db)+L E 2 + 7fx 2 Yhte

where db = diameter of bender pin

hte is obtained from the
diagram as shown

-_ e2 straight part of the

coil extension beyond
the core

.,._.rad=b_
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RESISTANCE PER PHASE AT__ --(Rph) The resistance per phase calcu-

lated at the expected coil temperature.

nsQ_tR1000 2352_0X°C =p nsQ _t
Rph- 1_)00C2m x ma C 2

C

where jO = resistivity at X°C = . 91 x 10 -6 100°C

R1000 = resistance per 1000 ft. of conductor at 25°C

X°C - expected coil temperature in °C

81

EDDY FACTOR TOP-- The eddy factor of the top coil. Calculate this value

at the expected operating temperature of the machine.

F
EFTop = 1+1.

L
584 +{Jst_. nst_ stns

2

!

where )o =_0 x 106

Nst = number of strands per conductor in depth

T

hst = distance between centerline of strands in depth

hst = height of uninsulated strand

EDDY FACTOR BOTTOM-- The eddy factor of the bottom colt at the ex-

pected operating temperature of the machine. Use same equation as

E.F. top except use. 0833 in place of . 584.

DEMAGNETIZING FACTOR--(C M and Cq) The ratio of the field ampere

turns to the maximum sine wave stator ampere turns required to force



the same fundamental flux across the gap. The demagnetizing factor

in the direct axis is

CM=
ccTT + sin(_

and the cross magnetizing factor in the quadrature axis is

C
q

1/2 cos-_ + cC 77"- sin OC 77"

4 sin _7F

The above factors can be read directly from curve #9 and calculation

by the above formulas is thus unnecessary.

AMPERE CONDUCTORS PER INCH--(A) The effectiveampere conductors

per inch of stator periphery. This factor indicates the "specific load-

ing" of the machine. Rs value will increase with the rating and size

of the machine and also will increase with the number of poles. R

will decrease with increases in voRage or frequency. A is generally

higher in single phase machines than in polyphase ones.

A - IphnsKp
Ct

S

REACTANCE FACTOR--0D The reactance factor is the quantity by which

the specific permeance must be multiplied to give percent reactance

R is the percent reactance for unit specific permeance, or the per-

cent of normal voitage induced by a fundamental flux per pole per inch

numerically equal to the fundamental armature ampere turns at rated

current. Specific permeance is defined as the average flux per pole

per inch of core length produced by unit ampere turns per pole.

100AK d
X-

82



CONDUCTOR PERMEANCE--(_.) The specific permeance for the portion

of the stator current that is embedded in the iron. This permeance

depends upon the configuration of the slot.

(a) For open slots.

bt = tooth width
at gap

(b) For partially closed slots with constant slot width.

[-I. q_. _I. ,. I- 2 e, =',_'-1

""t "1 ut "°_ut I
_i = Cx mqLbo +bo+b_ +h+ b-----_+3-_2+ _ + -_-sJ

(d) For round slots.

Xi = Cx_-_ .s2 +

(e) For open slots with a winding of one conductor per slot.

1

(xx = i)

In all of the above formulas Cx is a reduction factor that is dependent

upon the pitch and distribution of the winding.

KX

CX = p-_d
1_3y 1/where KX = ._._--q + for 3 phase

KX = _ for 2 phase

83



(,Q) Open 51ors

4

ij
L

(b) Constant Slot WEdth

ha.

4 hw

ht

84

(C) Constant Tooth Width

4--- bl --"

qb°F
I

h_

(,d) Round Slots

ha

-F



Values of C X

on Graph #1.

Graph #1.

versus percent pitch for three phase windings are plotted

These values assume a distribution factor of. 955. See

85

END WINDING PERMEANCE--( h E) The specific permeance for the end

extension portion of the stator winding.

_'E : _'--_dd L_J KE

(Obtain the value of (_ELE from Graph #1

T_ Calculated valve of L E

r_E = Value of L E from Graph #1
_J._J.a AJtJt_.1_t_AAl.*a_ v_ _ f v J

K E
Calculated value of L E

Value of L E from Graph #1
(for machines of d _ 8")

LEAKAGE REACTANCE--(X_) The leal_.ge reactance of the stator for

steady state conditions

X_ = X(A i + A E)

In the case of two phase machines a component due to belt leakage

must be included in the stator leakage reactance. This component is

due to the harmonics caused by the concentration of the MMF into a

small number of phase belts per pole and is negligible for three phase

machines.

• ld

B Pge

in m--q x90

%

X4_ = 3[- ( )_ i + hE + AB) where _ b = 0 for 3 phase machines.



AIR GAP PERMEANCE--( _a )

6.38d

Xa -- Pge

The specific permeance of the air gap.

REACTANCE OF ARMATURE REACTION--(Xad and Xa_ The "flcUtuous

reactance" due to armature reaction. In the direct axis

Xad -- X )_aCICM

and in the quadrature axis

Xaq = X Cq X a

W_tUUT Ur t;uPPER-- l_ne we m w_. u_ _u_ stator copper.

# = .321n Qa _.
S - C t

WEIGHT OF IRON-- The weight in lbs. of the stator iron.

Eb + _(D-hc)hC _'s]# = . 238 tmQe shs

86
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ROTOR

SINGLE GAP--(g) The single air gap.

ge = Ksg

Also record the effective air gap (ge)

ROTOR DIAMETER--(dr_

d r = d- 2g

The outside dtRmeter of the rotor.

PERIPHERAL SPEED--(V_

minute.

7T d RPM
r

V -
r 12

The velocity of the rotor surface in feet per

POLE PITCH--(tp) The pole pitch measured at the inside diameter of the

stator.

77"d
t -

P P

Also record the ratio of the pole arc to the pole pitch (cO).

b

cO= n
t

P

POLE AREA--(ap) The effective cross sectional area of the pole.

ap = bp4_pK i

Values of K i are obtained from chart in Stator Section.



SIDE LEAKAGE--( _s_ ) The side leakage permeance of the field. The unit

for this factor is flux per pole per inch of core length for unit ampere

turns.

hf + t /10(1 - lO/p) "]

END LEAKAGE--( _e_ ) The end leakage permeance of the field.

_2(_-_)+hf +. 25bp___'et_ = " ._ " -

TIP I,EKKAGE--(_t_) The tip leakage permeance of the field.

_l.D "- t,. '

LEAKAGE FLUX--((_) The total field leakage flux.

(_ = 6.38(Xs4 _* _e_ + _t£ ) (Fg+F s)_p

Record also the total flux per pole in the rotor

POlE DEI_ITY--(B; The apparent flux density at the base of the pole.

%

No provision is made in this manual for calculating the density in the

spider section. It is therefore important to remember not to restrict

the flux area through this section.

88
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GRADE OF IRON-- Alloy and thickness of rotor Iron laminations.

NUMBER OF DAMPER BARS--(n_ The number of damper bars per pole.

BAR SIZE-- The size of the damper bars.

BAR PITCH--(t_ The _r bar pitcl_ This is the distance between the

of adjacent

of the slot opening above the

damper bar (ht_ and the width

of this opening (bbo).

TURNS PER POLE--%) The number of field turns per pole.

CONDUCTOR SIZE-- The bare and insulated sizes of the field conductors.

Also indicate the Lype ol sLrand hmulatlor,.

CONDUCTOR AREA--(ac_ The actual area of the conductor taking into

account the corner radius. See stator area of conductor for typical

corner radii values.

acr = (cond. width x cond. thick. -. 858rc2 )

MEAN TURN--(_t_ The mean length of the field turns. This value can be

estimated from a layout of the field windlng or from data on a previous

machine.

RKS]STA.NCE AT__°--(R_ The resistance of the field winding at the ex-

pected ope.rat temperature.

Np P _tr where j_ = 91 x 10-6@ 100°C
_r



WEIGHT OF COPPER-- The weight in lbs. of the field winding.

9O

WEIGHT OF IRON-- The weight in Ibs. of the rotor iron exclusive of the

shaft.

% LOAD-- Space is provided for field voltage and current values at three

load conditions. These loads will preferably be taken as no load,

rated load, and guaranteed overload (usually 5 minutes).

FIELD AMPS--(If) The field current at the various load conditions.

FIELD VOLTS--(Ef) The field voltage drop across the collector rings at

the various load and temperature conditions.

AMPS./SQ. IN. -- The current density of the field copper at the various

load conditions.

FIELD LEAKAGE REACTANCE--(X_

the field winding.

X F = Xad 1-

The effective leakage reactance of

_F = _FS + _FE

_1_ = 4.25 (_s_ ÷ 1.5 _t_ )

,,xrz = 6.s8 ,,_e_



FIELD SELF INDUCTANCE--(L_

ing.

91

The total self inductance of the field wind-

_p_.

DAMPER LEAKAGE REACTANCE--_) d and XDq) The leakage reactance

of the damper winding. In the direct axis the dimensions corresponding

to the end bar next to the pole tip are used.

For rectangular square damper bars

_b = 6..38 + 3bbl *.

/kpt 6.38 n - Lb (rib -
= 3g e

F (n b- 1)tblt "_7 ( _b + _p_ _ F  Loos{ fJ /_'b+_bt+/_F

i.......
I bbol

hbl

bbl

XDd = X ,_Dd

In the quadrature axis the dimensions corresponding to the bar in the

center of the pole is used.

For rectangular square bars

+ .5+

XDq = X _I_ I
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the above formulas.

REACT&NCES AND TIME CONSTAN'I_

SYNCHRONOUS REACTANCE--(X d and Xq)

reactance. In the direct axis

X d = X_ + Xad

and in the quadrature axis

X v. Xa="'I: + q

The steady state short circuit

!

UNSATURATED TRANSIENT REACTANCE--(Xdu) The transient reactance

due to the field winding assuming unsaturated conditions.

Xdu = X{ + X F

¢

SATURATED TRANSIENT REACTANCE--(X d) The transient reactance due

to the field winding assuming normally saturated conditions.

f f

X d =. 88 Xdu

ff ff

SUBTRANSIENT REACTANCE--(X d and Xq) The subtransient reactance due

to the damper w/ndtng. In the direct ax/s

f!

xd : x_ +XDd

and in the quadrature axis

t9



If the machine does not have a damper winding

tt t

X d - X d

_t

NEGATIVE SEQUENCE HEACTANCE--(g2) The reactance due to the field

which rotates at synchronous speed in a direction opposite to that of

the rotor.

f! tt

X2 = . 5(Xd + Xq)

ZERO SEQUENCE REACTANCE-- (X o) The reactance drop across any one

phase (star connected) for unit current in each of the phases. The

machine must _ stsr connect__l_forother_Rp ,o zero s___.ue_n_c-ecur-

rent can flow and the term then has no significance.

20(hI + 2h3) ,AE_
x ° =-x- (_i+ _XBo)+ 1-_mqp__dbs + .2

 Xswo (.07 ,Aa)

for machines with damper windings

.A:]13o+ ,ABWo

93



and for machines without damper windiz_

and

.,ABo = ,ABW o

3_,Y__ 2
K'I0) =mq

for pitches of 66 2/_ to 100%

for pitches of 33 1/3% to 66 2/3%

for a one conductor per slot winding

KXo = KX =1

!

OPEN CIRC!HT TIME CONSTANT--(T. )
"(10"

The time constant of the field

winding with the stator open circuited and with negligible external re-

sistance and inductance in the field circuit.

, L F

Trio = _ second

94

ARMATURE TIME CONSTANT--(T a) The time constant of the DC component.

Ta = (2) (100 fr a)

ra = l_ted K_A

TRA_ TIME COI_TANT--(T_

seconds

The time constant of the transient re-

actance component of the alternating wave.



tt

8UBTR&NSIENT TIME CONSTANT--(Td) The time constant of the sub-

transle_ compome_l: of the alternating wave. This value has been

determined empirtc_ty from tests on large machines and

Td . 035 second at 60 cycles.

tt

T d = . 005 second at 400 cycles.
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S_kT_TION

AIR GAP AMPERE TURNS--(F_) The field ampere turns per pole required

to force the flux across the air gap when operating at no load with

rated voltage.

STATOR AMPERE TURNS--(F s) The ampere turns per pole required to

force the flux through the stator iron when operating at no load with

rated voltage.

F s = F T + F C

F T is the ampere turns per pole for the teeth. It is calculated as the

product of h s and the NI per inch at a density of B t.

F C is the ampere turns per pole required for the core. ]Iis calcu-



8

Use sat curves from L_S Electrical Steel Sheets_Manual.

POLE AMPERE TURNS--(Ft_ The ampere turns pe_pole required to force

the flux through the pole and spider at no load rated voltage. In general

the spider density is kept fairly low _nd its ampere turns can be neglect-

96

ed. The no load pole ampere turns per pole are calculated as the product

of (hf + h h) times the NI per inch at the density Bp.

Use sat curves from USS Steel Sheets Manual.

NO LOAD AMPERE TURNS--(FNL) The total ampere turns per pole required

to produce rated voltage at no load.

FNL- ÷Fs÷

RATED IDAD AMPERE TURNS--(F._. ) The total ampere turns per pole re-

quired to produce rated voltage at rated load. The values of X_ Xad ,

X
q

etc. in the following calculations must be expressed in per unit.

FFL = e dFg+(l+cos0) F T+F e+FPL

sinO +Xq
Tan f/- cos 0

E f-o
e d = cos C:+X dsin



BpL = a
P

FpL is then calculated as the product of (hf + h h) times the NI/inch at

the density BpL"

OVERLOAD AMPERE TURNS--(FoL ) The total ampere turns per pole re-

quired to produce rated voltage at the overload condition of operation.

This is determined in the same manner as described in FFL by using

the proper per unit values for Xd, Xad , Xq, etc.

SHORT CIRCUIT AMPERE TURNS--(Fsc ) The field ampere turns required

to circulate rated stator current when the stator is sho_ circmted.

X. in oer unit
Q -

FSC = X d Fg

SHORT CIRCUIT RATIO--(SCR) The ratio of the field current required to

produce rated voltage on open circuit to the field current required to

produce rated current on short circuit. Since the voltage regulation

depends on the leaks_ reactance and the armature reaction, it is

closely related to the current which the machine produces under short

circuit conditions, and therefore is directly related to the SCR.

FNL

SCR =

97
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LOSSES AND EFFICIENCY

98

PERCENT IAIED-- Space is provided for three conditions of loading and

these are preferably taken as no load, full rated load, and overload.

FRICTION AND WINDAGE--(F & W) There is no known calculation method

that will give reasonable accuracy for this loss, and so data from a

previous machine will have to be used. For ratioing purposes the loss

can be assumed to vary approximately as the 5/2 power of the rotor

diameter and as the 3/'2 power of the RPM.

STATOR TEETH--(WTNL, WTFL, WTO L) The no load loss (WTNL) con-

day ru-td _ " ^SistS of e current ...... -_ ,..... -- +k ^ _- _ _^_ _ .4 ....uy_Lt_£_£_ J.UDD_O Lll t.lZ_ z_tulL. _-u_ _ _m.v _AL

frequency the no load tooth loss will vary as the square of the flux

density.

WTN L = . 453 (t s 1/3 - bs) Q _shs KQ

KQ : Watts per pound loss from USS Electrical Steel
Sheets Manual at a density B t-

The stator tooth loss under load (WTF L & WTO L) is increased because

of the parasitic fluxes caused by the ripple due to the rotor damper bar

slot openings.

WTFL = _(-27X_1"8+1_ WTNL;(Xdinp erunit)

For WTO L use X d corresponding to the overload condition.

STATOR CORE--(Wc) The stator core losses are due to eddy currents and

hysteresis and do not change under load conditions. For a given fre-

quency the core loss will vary as the square of the flux density.



WC = 1.42 (D - hc) hc { sKQ

KQ = Watts per pound loss from USS Electrical Steel

Sheets Manual at a density of B C.

POLE FACE--(WpN L, WpF L, Wpo L) The pole surface losses are due to

the slot ripple caused by the stator slots. They depend upon the width

of the stator slot opening, the air gap, and the stator slot ripple fre-

quency. The no load pole face loss (WpNL) is calculated from Graph

#2. Graph #2 is plotted on the

basis of open slots and thus B s on the curve equals b ° for partially

closed ones. The pole face loss under load (WpFL, WpOL) is calcu-

lated as

F, K . ;) 2Wt'FL[_(= Fg + WpNL

K is obtained from Graph #3. (Page 96 non-salient pole

sc manual. )

For Wpo L use I h corresponding to the overload phase current.

DAMPER--(WDNL, WDFL, WDOL) The loss produced by the slot ripple in

the damper winding. At no load this loss is calculated from curves #7

and #8. The damper loss

under load (WDFL, and WDOL) for polyphase machines is calculated

as

F(Ksc Iph ns 1 + WDN L
WDFL = L\ c Fg

Ksc iS obtained from Graph #3.
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For WDO L use I h corresponding to the overload phase current.

STATOR I2 R-- The copper loss based on the DC resistance of the winding.

Calculate for the maximum expected operating temperature.

EDDY-- The stator I2 R loss due to skin effect.

Eddy Loss = Factor Top + Eddy Factor Botto _ Stator I2 R

ROTOR 12 R-- The copper loss in the field winding.

SUM OF THE LOSSES-- The total losses at the various loads.

RATING-- The kilowatt rating of the generator.

RATING + LOSS-- The sum of the total losses and the KW rating.

PERCENT LOSS-- The total loss divided by the rating plus total loss.

PERCENT EFFICIENCY-- (100% - % loss)

STATOR WATTS/SQ. IN. -- The stator watts loss per sq. in. of stator pert-

phery.

Watts/tn 2 Stator (Tooth Loss + Core Loss + 12 R + Eddy Loss)
= TrD_

100

ROTOR WATTS/SO_ IN. -- The rotor watts loss per sq. in. Of rotor periphery.

Watts/in 2 = Pole Face Loss + Damper Loss + Rotor I21t

 dfp



DIRECT AXIS COMPONENT OF ARMATURE REACTION

101

When the air gap under the pole is constant the field produced by the direct

axis armature reaction MMF wave A will have the approximate shape B in-

sofar as its reaction on the field pole is concerned. Since this MMF pro-

duces very lJlfle demagnetizing effect in the interpolar region it is sufficient

to consider only the fundamental of the effective part of the MMF curve (the

part which lies under the pole). The amplitude of this fundamental is given

by the equation

1 f2_

A1 = _Jo f(x) sinxdx

f(x, = 0 from x=0tox = (1-2 )_F

i(x) = F. sinxfrom {_---_to_l-_l_'+_ff_:(l+°_)-- _ -

f(x) = Ofrom(_-_)to_'+(1-2 )IT

1 r((1 +_)-_ flr+(X +_)-_--A 1 =_[) _" FDMSin 2xdx+] FDMsin 2xd

/sin2 x d x = ½x - lsin2x

FDM 1 2x 1 (1 +_:)--_- 1A 1 =--_ x-_sin + (½x-_sin2x) 1T+(I+_



102

t I
!
!

I
!
I

I
I
I
I
I

I
C_-_

i
I

i

I
I
I
I
I
!

I

I
i
I
l
l
t
t I

X= 0 2'n'



i

l
103

sin (z ÷ IV} -- sin x cos y +.cos x sin y

sis tlT÷_) = - st: _

sin (317"+,cfr) = - sin _"

sin (TT'-_:_) = ÷ sin =:

A1- _, ....

4 ""*" 2 4 '

FIlM Ice-/r+sin _IT]AI-

_-7OC'_" 1
+ _ _,:4._: 11-i

4 4 .... I

The amplitude of the run'mental of the field MMF will be

All : _ cos z) + (- cos x)

?



qUADRATURE AXIS C_I_I_NT OF __ lt_kCTIOl_

104

For" aH-pract_al--purposes the armature MMF in tke qmdrahtre axis will

have the shape indicated insofar as its reaction on the field is concerned. If

the assmnption (justified by practice) is made that the mat_tude of the con-

slant part over the interpolar space is equal to 1/8 FDM , the fundamental of

this wave will then be found by the equation

A 1 = f(x) cos xdx

1
f(x) =_FDMfromy = Otox = (l-_c)_

f(x) = Fil M COS x from (1 _oc ]_ to (1 + cc )-_

f(x) =-_ FI_ M from (1 + _)-_- to _r + (1 -_ )-_

A 1 =

f(x) = Fil M cos x from 11"+ (1 -cc)-_ to 7r + (1 +_c)-_

f(x) = _ FDM from _+ (1 +oc)_ to 2 _"

lf(1 "_)-_ FI3M dx+ 1/ FD[ M COS2 xdx

"_'/o ---_-- cos x Tr/(l -W)-_

- I FDM +_t/ FD[M c°s2 x dx
+_)-_ --g-- cosx dx I

+_.1 T co'xdx

/Ir+ (I +.c)_
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cOS {x÷y} = cOS xcos y - sinxsiny

All - TI" [_ in ---'2-- + sinT+ sin ]

The demagnetizing factor in the direct axis is found by equating A 1 and

A

FDM
(4 sin -_---I = --@-- (_c _+ sin _ )

_ J_I]_[ (_ F+ sin_Tr) 77" = CM FDM

_7/'+ slnoC F
where CM =

4 sin---T-

Although this derivation has been based on the aSSumption that the air

gap under the pole is constant, the formula is much more accurate than

might appear. The iormula has been checked by flux plots over a wide range

of pole shapes from 4 to 88 poles and found to be re_onably accurate.
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cos x d x = sinx

/cos2 x d x = ½x + _ sin 2x

(I _+ (1 -,_._

FDM_inI__ ___)_ . [3TI" Tl'_c._AI- _. _ sm _--_ - ----f) + sin !--_- + -_-,)-

..,_{3Tt _ U'_._ _. FDM FTr +o:.. 11" .1_ o,. ,_-.,-rn, 1

_ _ + _ sin (311"-

sin(x + y)

sin(x- y)

= sinxcosy+cosxsiny

= sinxcosy-cosxsiny

•]'r oc.
= - COS T

sin (1r+ccn) = - sin _"

sin (311"+_IT) = - slnoc11"

sin ('rr-oclt) = sln_Tr

sln(S11"-WlT) = s/n_"

, ii ii
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A1 - _ -._ + cos T + cos T + cos + + -_

+ _[ sin

FIlM +
A1 =______Icos__l FI]M(_clr_sinu:IT) FI)M/1 oc_r_= __- cos--_- +aclr-sin

The amplitude of the fundamental of the field MM F was derived in the

determination of CM and

NfIf 4sin-_Alf - 1T

The demagnetizing factor in the quadrature axis is found by equating

A I and AI/

- + fr-sin c _ 
NfIt= FDIM 7sin_ = FDM Cq

where

Cq=

cos _ +celT- sln_clr
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EXCITATION OF A SALIENT POLE GENERATOR
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The vector diagram for a salient pole generator is as shown. OA is the

terminal voltage Eph and 013 is the phase current lph drawn at the p_

power factor angle 0. AC is the effective resistance drop Iph r e and CD is

the leakage reactance drop Iph X _. The stator current is divided into a

direct axis component Id and a quadrature axis compone_ Iq, and Id Xad

will thus be the voltage induced in the stator by the direct axis flux _q and

Iq Xaq will be the voltage induced in the stator by the cross flux Oq. The

voltage Iq Xaq will be in quadrature with Oq and it is represe_ed by DE.

Likewise, the voltage Id Xad will be in quadrature with 0 d and it is repre-

sented by EF. The voltage OF is the voltage that would exist at no load with

excitation corresponding to rated load, neglecting saturation, and this voltage

is represented by the symbol e d.

Consider the triangle OIq B and

Id I d

oo, 
The trtm_les OIq B and DEG are similar because EG is perpendicular to

lq 13, GD is perpendicular to BO, and DE IS perpendicular to Olq. 11nm

O is equal to _le D. _dso, tr_ DEG and HI_ are simil_



110

Ii

/
/

/
/

P



lU

because DE is parallel to HF, EG is concentric with FG, and GD is concen-

tric with GH, and therefore angle D and angle H are equal. From a similar

triangle relationship the angle A of triangle AMC is also equal to _ .

From triangle DHN

DN IdXadsin --b-li =-b-g-

DH=
IdXad IdXad

sln_ Id_ph
- IhXad

CH = IphXad + IphX _ = IphX d

CJ = KF = CH sln_ = IphX d sin

OL = OAcos _ = EphCOS

AM = LK:IphreCOS _

Thus the nominal voltage e d is derived as

e d -- OL+LK+KF

ed= Eph cos_+ Iph (r e cos f+ X d sin_)

In the per unit system of notation Eph and Iph are unity at rated load condl-

tlons and if resistance is neglected the nominal voltage equation becomes

e d = cos_ +X dsin



From triangle DEG

_Xq
= =

112

CG = CD + _ = IphX _ + IhXaq = IhX q

Therefore, if resistance is again neglected the angles £ and _ can be deter-

mined by

PG IphXq + Eph sin 0 Xq + sin 0
Tan = O'P - E hcos0 - cos0

wnen lo',ui is a.pp_eu w use gcsscru.wL- tuc J._u.,,,.w-,vc o_,_._,= ,,...._ ,,,_; ,.,_,.v.,.,,_,.,

and the wave form under load will be less effective in generating voltage than

the no load wave form. The reason for this is that the fundamental of the

wave form under load is relatively less than that of the no load form for an

equal total flux per pole under each condition. Therefore the flux per pole

under load conditions will be greater than that required at no load, and the

flux per pole under load is

_pL =_p _d-'93XadSin_

The leakage flux "under load will also increase and

J+(I+cos0)F T+F C

_ = _ + F T + F C
g

The total flux per pole in the rotor thus becomes

%t_=%,. +o-e.e



and the density of the pole under load is

/_PL = a
P
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The total ampere turns per pole under load can thus be calculated as

F L = edF +(l+cosO) F T+F C+FPL

SINGLE PHASE CALCUI_TK)NS

When two phases of a normal three phase generator are used for single phase

operation the mac!_.e reac___.ces are first ca!c_llated on the basis of a three

phase machine and the single phase reactances then become:

Xad(l(;_ ) -

Xad(3_)

Xd(lO) =
Xd(3(;;_) + X2(30)

Xq(SO')+x.z(:3¢O

' 1 X d (30) + X2(3(_)

Xd( _ = _-

ft

Xd(lq_) =

tt

X d (3q_) + X2(3q_)

The negative sequence component of the Single phase armature reaction wave

will induce l_Lrge currents in the damper winding and this will cause high
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damper losses under load conditions. Until further experience is _ccnmlll_oA

it is not felt advisable to exceed current densities of 10, 000 amps/sq, in. in

the damper bars under normal load conditions when the current is calculated

in the following manner.

Neg. Seq. A.T. = EXad(3phase)_ F

IRM S per bar - (R)(Ne_. Seq. A.T.)

(_-_) (rib + 1)



WOUND-POLE NON-S&T._.NT POLE GENERATOR
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Bore _nch_s
Core Length
DSSx 2
Frame Bore

Slots
Size Slbts ........

, =,

i .

_or_ Factor

co.a. per Slo_ "
Total Elf. Cond,

Cond. Size
Area of Con_. ' ......

Current Density

_lndl ng Constant
Total Flux

A.-_a of O__p

Air Oap Density
Pole Constant

Tooth Pitch

Tooth Density

Core Density
iOrade of Iron

1/2 Nean Turn

Res. per PH at *

Edd_ Factor Top-'-"

Edd_ Factor Bottom

De_. _actor
Desag. A.T.

AMp.Coati. _ In.

Reactance Factor

Cond.Peea. XA

End Perm. hE
!Leakage Read¢.

_Ir Oap Pera. Aa
!Beact. of Arm ....

Ibaotion '"'
of copwr

_. of Iron

II

BOTOR

,ir 0.p
Rotor Diamete_

Peripheral Speed
Slots Punched

Slat s _nd __
Size Slots

_ooth Pitch-
3rade of Iron

Cond. per Slot

lhwns per Pole
Cond. Slse

Area Cond.
Mean Turn

Res. at

Flux in Pole Center

Leakage Flux
Center Sectlon_Density "
Core Density

_Eoea

A_
volts
AMps/In 2

Field Leakage React. XF_
Field Self Induct

Damper Leak. React.xod_

Wt. of Copper
_t. of Iron

REACT .-TI]4E CONSTANT

I I I

sY_yrs
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Carter C0eff. Sta."
Carter CoefY. Rot.
EfTectlve G_D

SATURATION

Air Gap A.T.

Stator A.T.
Rotor A.T.

No Load A.T.
Rated Load A.T.
Overload A.T.
Short Circuit A,T.
Short Circuit Ratio

LOSSES - EY_TClE_CY

% Load
F&W

Sta. Teeth
Sta. Core
Pole Face

Damper
Sta. I_R

Eddy
Rot. 12R

Syachmno_
Un_-_'t. Trans.
Sat. Trans.
_b_ransient

Neg. Sequence
Zero Sequence
Potter

Spen Circuit Tim Con.
Arm. Tim Condt.

_ran_. Time Cdnst,

'Z Losses

Rating

rRtg" a Lo_s

_tatnr Watt per In,_

_otor _ktts uer In. 2

_ODEL MO. TYT'.]_CO0 LIP3

IC_'A _ P? VOLTS ANPS VffASE
L

LES
E_M DESIGN ENGINEER
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TABLE Z.-VALUE$ OF KdnFOR INT'IEGR_tL .SLOT 3_ WINDINGS
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STATOR

PUi_CHI_NG I. D. --(d) The inside diameter of the stator punchings.

PUNCHL_G O. D. --(D) The outside diameter of the stator punchlngs.

CORE LENGTH--(-_) The overall l_ngth of the stator iron. Also record

on this line the solid core length (_. The sol£d length is the over-

all length times the stacking factor (Ki). The stacking factor allows

for the coating on the punchings, the burrs due to slotting, and the

deviations in flatness. Approximate values of K i are given in the

table below.

THICKNESS OF

LAM_TIONS X.
(ENCHES) " ^"_%2[X-A%.J *_

.014 29 O. 92

• 018 26 0.93

• 025 24 O. 95

.'028 23 O. 97

.063 -- O. 98

.125 -- O. 99

If ventilating ducts are used their length must be subtracted from the

overall length also.

DEPTH BELOW SLOTS x 2--(_h_ The depth of the stator core below the

slots times 2.

2h c = D = (d+2hs)

Due to mechanical strengthreasons hc should never be less than 70%

hs.
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SLOTS--(Q) .The number of stator slots. Write Q as a product of poles

(p) times phases (m) times slots per phase per pole (q). Thus pmq =

Q. in general fractions of q close to 1/3 and 2/3 should be avoided,

because these fractions are inclined toward producing force poles that

cause excessive noise and vibration. In three phase machines frac-

tions c_ q with thirds or any multiple of three in the denominator

should be avoided because with these values a balanced winding can-

not be obtained.

SIZE SI_OqfS--(b s and hs)

the stator slot (hs).

The width of the stator slot (bs) and the depth of

CARTER COEFFICIENT--(Ks) The Carter coefficient for the s+_ator slots.

K
S

ts (Sg+bs)-bs 2

(for open slots)

K
S

ts(4.44g+. 75b o)

t s (4.44g+. 75b o) -bo 2

(for partially closed slots)

TYPE WINDING-- Record whether star or delta (Y orA ), and whether se-

ries or parallel.

THROW--(y) The coil span in slots. Record the percent span (y/mq) and

designate the slots in which the coil is placed (i + y).

SKEW AND DISTRIBUTION FACTORS--(Ksk and Kd) The skew factor ( sk)

is the ratio of the voltage induced in the coils to the voltage that

sould be induced if there was no skew.
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C_ P

Ksk _ t kT}.

P

The distribution factor (K_ is the ratio of the voltage induced in the

coils to the voltage that would be induced if the winding was concen-

trated in a single slot

K d

sin(qo6 s/ill

q sinews/2
(for integral slot machines)

sin(N Of m/2)

Kd = N sinot m/2 (for fractional slot machines)

See table 2 in the non-salient pole manual for a compilation of distribu-

tion factors for the various harmonics. See "Grouping of Fractional

Slot Windings" and "Distribution Factor" sections of the non-salient

pole manual for an explanation of K d for fractional slot machines.

CHO_) FACTOR--(%) The ratio of the voltage induced in the coil to the

voltage that would be induced in a full pitched coil.

 4&xooO)
See Table 1 in the non-salient pole manual for a compilation of the

pitch factors for the various harmonics.



CONDUCTORS PER SLOT--(ns) The actual number of conductors per slot-

F_w __:_L_o_wst_-_,_ :._k,, _"_t_ _w/ien deter-

mining the permissable number.
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TOTAL EFFECTIVE CONDUCTORS--(ne) The actual number of effective

series conductors in the stator winding taking into account the chord

and skew factors but not allowing for the distribution factor.

n = QUs%Ksk
e C

CONDUCTOR SIZE-- Record the number of strands making up each conduc-

tor and their bare and insulated sizes. Indicate also the type of strand

insulation.

CORrDUCTOR AREA--(ac) The actual area of the conductor ta_kinginto ac-

count the corner radius on square and rectangular wire. See the fol-

lowing table for typical values of corner radii.

2
a = (width of cond.)x(thickness of cond. ) - • 858r

C C

Corner Radii

Width

Thickness
• 751 & Up .187-.750 Up to. 188

.689 & up 3/16 3/16 --

• 688 - . 439 1/8 3/32 --

. z.'38 -. 228 3/32 1/16 --

.22.5 - . 166 1/16 3/64 3/64

.185 - .!26 1/16 1/32 1/32

Rounded

edge

• 125 - .073

|

• 072 -. 051

II

1/32

Rounded

_e
R_

Rounded

edge
Rounded

1/64

2
Corner .858r

C

1/64 .OO021

1/32 .uO0_4
I

3/6_ .0oL89

1/Z8 .G0335

3/32 .C_7S4

1/8 .oz_

3/16 .0302



Square wire .072 and under has a radius of .012. A rounded edge is

produced by rolling round wire to the specified size.
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CURRENT DENSITY-- (s) The amperes per square inch of conductor.

s = Ip__h

Cac

WINDING CONSTANT--(Cv) The ratio of the RMS line voltage for a full

pitched winding to that which would be introduced in all the conductors

in series ff the density were uniform and equal to the maximum value.

ECIK d
&.,

w

Assuming K d = . 955, Cw = . 225 C 1 for three phase delta machines

and C w = . 390C 1 for three phase star ones. C 1 is the ratio of the

maximum fundamental of the field form to the actual maximum of the

field form. For pole heads with more than one radius the fie!d form

is determined from a flux plot of the air gap flux at no load, neglecting

saturation, and C 1 is then obtained by Fourier analysis. For pole heads

with only one radius, C 1 is obtained from curve #4. The graphical flux

pio_ing method of determining C 1 is explained in the section titled

"Derivations."

TOTAL FLUX--(_ The total flux that would exist in the gap if the density

was uniform and equal to the maximum gap density.

e_OOElO 6

$



G#_ AREA-- The area of the gap surface at the stator bore = Tfd_
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DENSITY--(B_ The maximum flux density in the air gap.

POlE CONSTANT--(%) The ratio of the average to the m_num value of

the field form. For pole heads with more _.one radius Cp is calcu-

lated from the same field form that was used to determL_e C1, and this

method is described in the second part of the manual. For pole heads

with only one radius Cp is obtained from curve #4. Note the correction

factor at the top of the curve.

FLUX PER POLE--(_p) The total flux per pole.

TOOTH PITCH--(t s and t 1s 3 ) The stator slot pitch on the inside stator bore,

and the stator slot pitch at a distance a third of the way up the _ooth.

ts= -G tsl/3- Q

TOOTH DENSITY- - (B t) The flux density in the stator tooth at 1/3 of the

distance from the minimum section.

= where bt !/3 = ts 1/3 - bs
Bt Q_sbt 1/$-



D NsrrY--CB 

%
B c = 2hc_ s

The flux density in the stator core.
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GRADE OF IRON-- Alloy identification and lamination thickness of stator

iron.
¶

1/2 MEAN TURN--(_ The average length of one conductor.

gt --"e+Lz

where L E = the end extension length

For random wound coils

L E = .5 + Q

K t _7"Y(d+h s)

where K t = constant depending on the number of poles

Kt = 1.3 for 2 poles; 1.5 for 4 poles; and 1.7 for 6 poles and
up

For formed coils

LE = 2_e2+_'I_+db)+Yhte

where d b

ht e

= diameter of bender pin

= is obtained from the

diagram as shown

-_ e2 = straight part of the

coil extension beyond
the core

___rad='___

.t
°



O

RESISTANCE PER PHASE AT__ --(Rph)

o
Q

The resistance per phase calcu-

lated at the expected coil temperature.

Rph _ asQ_tRlO00 235_0X°C __jo nsQ _t
19oooC2m x macC_

where #O = resistivityat X°C = .91 x 10-6 100°C

RI000 = resistance per I000 ft. of conductor at 25°C

X°C = expected coil temperature in °C "
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EDDY FACTOR TOP-- The eddy factor of the top coil. Calculate this value

at the expected operating temperature of the machine.

r F cl
"L _'°'*=""+ st- st_ 3.35 stnsfa 2EFTop I

\ -rq /j 000L
f

where jo

Nst

T

hst

hst

=jO x 106

= number of strands per conductor in depth

= distance between centerline of strands in depth

= height of uninsulated strand

EDDY FACTOR BOTTOM-- The eddy factor of the bottom coil at the ex-

pected operating temperature of the machine. Use same equation as

E.F. top except use. 0833 in place of. 584.

D_AAGNETIZING FACTOR--(C M and Cq) The ratio of the field ampere

turns to the maximum sine wave stator ampere turns required to force

!.



the same fundamvntal flux across the gap. The demagnetizing factor

in the direct axis is

CM=
ocT/'+ sin _:F

and the cross magneUzing factor in the quadr--ature _ is

1/2 cos + _ 77"-sin _
C ...

q 4sin-_

The above factors can be read directly from curve #9 and calculation

by the above formulas is thus unnecessary.

J. iJ.J

i

AMPERE CONDUCTORS PER INCH--(A) The effective ampere conductors

per inch of stator periphery. _is factor indicates the "specific load-

ing" of the machine. Its value will increase with the rating and size

of the machine and also will increase with the number u£ poles. R

will decrease with increases in voltage or frequency. A is generally

higher in single phase machines than in polyphase ones.

REACTANCE FACTOR--(X) The reactance factor is the quantity by which

the specific permeance must be multiplied to give percent reactance

R is the percent reactance for unit specific permeance, or the per-

cent of normal voltage induced by a fundamental flux per pole per inch

numerically equal to the fundamental armature ampere turns at rated

current. Specific permeance is defined as the average flux per pole

per inch of core length produced by unit ampere turns per pole.

100AK d
X=

T'2ClBg



CONDUCTOR PERMEANCE--()_ i) The specific permeance for the portion

of the stator current that is embedded in the iron. Ti_,permeance

depends upon the conf_ zrf"the slot.

(a) For open slots.

h,
×_--cx_L_+_+u_g +-_--j

b t = tooth width
at gap

(b) For partially closed slots with constant slot width.

_0__ ,h, _w _, _t' _b:]Xi = CX_-'_ +b_b s +b-_s +3-_s + l_T_sg + t_s

(c) For partially closed slots with constant tooth width.

20Fo 2ht 2h w h I bt 2 .35bt_

A_= CX m-_j_° +_o + bl + bF_2 +_ + 1_sg+ --_'-sJ

(d) For round slots.

20[.Xi-Cx_-_.69.+

(e) For open slots with a winding of one conductor per slot.

20 I_s hlXi --Cx_ +3-_ + .e +

In all of the above _ormulas CX

÷dt +

is a reduction factor that is dependent

upon the pitch and distribution of the winding.

CX =_d" whereKx =l_q+l/for3phase

KX =ml q for2phase
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(Q) Open Slots (b) Constont Slot Width

h,T_ h,
1 h' l

]35

(C) Constont Tooth'Width (,d) Round Slots



Values of C X

o_ C_'al_ #1.

_w_ #i.
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versus percent pitch for three phase windings are plotted

Theae values assume a distribution factor of. 955. See

z u) Pzmz cz--(>, jThe specific permeance for the end

extension portion of the stator winding.

XE : _'--_dLTJ

(Obtain the value of OELE from Graph #I

c

Calculated valve of L E

KE = Value of L E from Graph #I
_.,,. macbJ_nes of a -> 8'_,

KE=
i Calculated value of L E

Value of L E from Graph #1
(for machines of d < 8")

LEAKAGE REACTANCE--(X_) The leakage reactance of the stator for

steady state conditions

x_ =x(_ i+ A E)

In the case of two phase machines a component due to beR lealmge

must be included in the stator leakage reactance. This component is

due to the harmonics caused by the concentration of the MMF into a

small number of phase belts per pole and is negligible for three phase

machines.

_B -

x#. =x(),i+ Az+ As) where )_ b = O for 3 phase machines.



AIR GAP PERMEANCE--(Aa)

&

The specific permeance of the air gap.

6.38d
m

Pge

RF..ACTANCE OF _TURE REACT]DN--(Xad andXaq ) _rhe_

reactance" due to armature reaction. In the direct axis

Xa d = _r )_ aC1CM

and in the quadrature axis

Xaq =XCq)_a

WEIGHT OF COPPER-- The weight in Ibs. of the stator copper.

# = . 321 nsQa c _t

WEIGHT OF IRON-- The weight in Ibs. of the stator iron.

# : .238 Ebtm_shs + _(V-hc)hC _s_
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WOUND-POLE NON-SALIENT-POLE GENERATOR
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ROTOR

TOTAL AIR GA.P--(2g) The dougle a!r gap

ROTOR DIAMETER--(dr)

dr = d- 2g

The outside diameter of the rotor

PERIPHERAL SPEED--(Vr)

7/'dr RPM
V -
r 12.

The speed of the rotor surface in ft. per minute.

!

.qT.,r"r'r,_pTTb/C_H__D__(Qr) The total number of slots punched in the rotor. If
!

the rotor is built with a solid pole center section Qr is the number of

slot pitches on the rotor circumference.

SLOTS WOUND-- (Qr)

Qr
O[ = ---_

Qr

The total number of slots that are wound. Also record

SIZE SLOTS-- The width of the rotor slot (br) and the depth of the rotor slot

(hr).

TOOTH P1TC H-- (trs)

t T'dr
f

rs Qr

The rotor slot pitch at the rotor diameter.



GRADE OF IRON-- Specnumber and gage number of the rotor iron.

CORE LENGTH--(-e' r)

this line the solid core length

ing factors.

"_rs = Ki_r

The overall length of the rotor core. Record also on

(_._.). See stator core length for stack-
K-IS
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CONDUCTORS PER SLOT--(nr) The number of rotor conductors per slot.

TURNS PER POLE--(N_

nrQ r

Nf = 2p

The total number of field turns per pole.

CONDUCTOR SIZES-- The bare and insulated sizes of the rotor conductors.

Also indicate the type of strand insulation.

AREA OF CONDUCTOR--(ac_ The actual area of the conductor taking into

account the corner radius. See stator area of conductor for typical

corner radii.

acr = (cond. width x cond. thickness - . 858rc2 )

MEAN TURN--(_,tr ) The mean length of rotor turn. This value must be

estimated from a layout of the rotor winding or from data on a pre-

vious machine.

RES_TANCE AT X°--(R_ The resistance of the field winding at the ex-

pected operating temperature.

Rf=p %r



FLUX IN POLE CENTER--(_g_ The portion of the total flux in each pole

center.

%=
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LEAKAGE FLUX--(0£ s) The rotor slot leaimge flux in each pole center.

where _rs is the rotor slot leakage permeance

12.76p_hr2 hrl -35btr 9g 1

_r L-- -rs --rs_J

Record also on this line the total flux in the pole center.

{_rc : _gp + _s

CENTER SECTION DENSITY--(Bpc) The flux density

of the center section of the rotor at a section

half way down the rotor tooth.

_rc

Bpc - bp_rs

where bp =_. (drp h_l I-Qr _ + P-_ (solid centers )

bp (nrc + l)br (slotted centers)

nrc = no of slots in center section per pole.



CORE DENSITY--(Brc) The flux density in the rotor core.
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% LOAD-- _e is provided for field voltage and current values at three

load conditions. These loads will preferably be taken as no load,

rated load, and guaranteed overload (usually 5 minutes).

FIELD AMPS. --(If) The field current at the various load conditions.

FIELD VOLTS--(Ef) The field voltage drop across the collector rings at

the various load and temperature conditions.

CURRENT DENSITY-- (s) The amps./sq, in. of the field conductors.

FIELD LEAKAGE REACTANCE--(XF)

winding.

The leakage reactance of the field

X F =I 4 CM2AF, whereAF = Ars+AFE

and

_l is taken from the 50% pitch curve of Graph #1

calculated L E

L E from 'Graph 1
(for d r above 8" diameter)

tue enq, e pUeu
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FIELD SELF INDUCTANCE--(L_J The total self inductance of the field

N_f p_r IC t F_F(S.19 +× (Henries)

For rotors with solid pole centers the effective gap is taken as Ksg

andC F = I -0C +_--
r

For rotors with slotted pole centers the effective gap is taken as KsKrg

20C
andC F = 1 -T

DAMPER LEAKAGE REACTANCE--(XD_ The leakage reactance of the

damper winding and eddy current circuits.

X_, =IX_,

where _d = depth of penetration factor and varies as

_d = 1.2 at 60 cycles and 0.47 at 400 cycles

WEIGHT OF COPPER-- The weight in lbs. of the field winding.

# = .321NfP_tracr

WEIGHT OF IRON-- The weight in Ibs. of the rotor iron.

! I

0= .283 _d r - h_- Qrbr]t_rs hr + .2837r (d s + hrc)hrc_rs

For slotted pole centers Qr = Qr

. -d,
in

hrc |



REACTANCES AND TIME CONSTANTS
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/

SYNCHRONOUS RF._CTANCE--(X d) The steady state short circuit reactance.

X d - Xad+ X_

t

UNSATURATED TRANSIENT RFACTANCE--(Xd_ The transient reactance

due to the field winding assuming unsaturated conditions.

, X _. Xad

ida: F F:X d/
t

SATURATED TRANSIENT REACTANCE--(X_ The transient reactance due

to the field winding assuming normally saturated conditions.

X d _ 0.88 Xdu

tV

SUBTRANSIENT REACTANCE--(X_ The subtransient reactance due to the

damper winding and eddy current circuits.

f!

X d = X_ + XDd

NEGATIVE SEQUENCE REACTANCE--(X 2) The reactance due to the field

which rotates at synchronous speed in a direction opposite to that of

the rotor.

x2-x d

ZERO SEQUENCE REACTANCE--(X o) The reactance drop across any one

phase (star connected) for unit zero sequence current in each of the.

phases. The machine must be star connected for otherwise no zero

sequence current can flow and the term has no sllptificanee.
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__x_ 20(h1. 2_ El

Z= :_-2 ,,__=o =_ = _

Kx = (_4_q + I_ for pitches of 66 2/3_ to 100%

KX _q _ 1_ for pitches of 33 1/3% to 66 2/3%

POTIER REACTANCE--(X_ The rezctance determined by the Potier triange.

XFs L_-_e+_rs ] Xd

!

OPEN CIRCUIT TIME CONSTANT--(Tdo) The time constant of the field wind-

trig with the stator open circuited and with negligi.ble extermM, resistance

and inductance in the field circuit.

, L F

Td° = _FF second

AHMATURE TIME CONSTANT--(T a) The time constant of the I)C component.

T.= ..on*
:_#_ ._:_

_!::: Stator

ra = _ EVA of generator



TRANSIENT TIME CONSTANT- - (T d) The time constant that determines the

rate of deca t of the transient component of symmetrical short circuit

current.
t

, Xd ,

Td = X'_"d Tdo

14,5

SLO'_-- The blank space provided is to be used for sketches of the stator

and rotor slots.

CARTER'S COEFFICIENT STATOR--(Ks) The Carter coefficient for the

stator slots.

t s (5g + bs)
K S -_

ts(5g + bs)- bs 2

for open slots

K
S

ts (4-44g+0.75b o)

ts(4.44g + 0.75 bo)-bo 2

for partially closed slots

CARTER'S COEFFICIENT ROTOR--(Kr) The Carter coefficient for the rotor

slots.

trs(5g + b r)

Kr trs(Sg + br )-b2r for open slots

K
r

t a(4. 44g + O. 75 br_

trs(4.44g+ 0.75 bro)-b 2x_

for partially c_sed_s_t_

EFFECTIVE GAP--(g_) The effective single air gap.

ge = KsKrg (for rotors with slotted pole centers)

go = Ksg (for rotors with solid pole canters)



SATURATION
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AIR GAP AMPERE TURNS--(F_ The field ampere turns per pole required

to force the flux across the air gap at no load rated voltage.

STATOR AMPERE TURNS--(Fs) The ampere turns per pole required to

force the flux through the stator iron.

F s = F T + F C

F_ is the ampere tur_n_s per pole for the teeth.
-- T -- -

it is calculated as the product of hs and the NI per inch at a density

of B t.

F c is the ampere turns per pole for the core. It is calculated as the

product of [TT(D4p hc_and the NIper inch at a density B C.

Use saturation curves from USS Electrical Sheets Manual.

ROTOR AMPERE TURNS--(F_

rotor iron.

The ampere turns per pole required for the

FTR is the ampere turns per pole for the core. It is calculated as the

product of h r and the NI per inch at a density %c"
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FCR is the ampere turns per pole for the core. It is calculated as the

m -_,_, _,L________].no,_.,_. _,. _,_ Brc.

Use saturation curves from USS Electrical Steel Sheets Mamml.

An _zate method of calculating _ rotor ampere turns is to deter-

mine le I_ requfLred at file maximum and m_um rotor pole center

sections. From these values the NI can be determined approximately as

1/3 (Max. NI + 2xMin. NI)

NO LOAD AMPERE TURNS--(FNL) The total ampere turns per pole required

to produce rated voltage at no load.

FNL = Fg+F s+F R

RATED LOAD AMPERE TURNS--(FFL) The total ampere turns per pole re-

quired to produce rated voltage at rated load.

There are many proposed methods of determining generator field cur-

rents under load conditions but only one will be described here. Any of

the proposed methods will give reasonably accurate results, but where

possible previous test results should be referred to in order to deter-

mine the saturation component.



AMERICAN STANDARDS ASSOCIATION METHOD
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Referring to Figure A, OB is the rated phase terminal voltage drawn at the

power factor angle 0, with the base line of the figure taken as the direction

of the current vector. BF is the % phase effective resistance drop and FD

is the % phase Potier reactance drop drawn in the proper phase

(% r e = Rph xI_-p-h- XEFAv G x 100)
_:ph

EFAv G = Average Eddy Factor

relation with respect to the current reference Une. OD = Eg is then the air

gap voltage at which the generator is operating. This voyage is considered

a measure of the degree of saturation of the magnetic circuit. OB = Eph is

the terminal voltage.

Now refer to Figure B. The line F is the field ampere turns from the air
g

gap line corresponding to the terminal voltage Eph. Add vectoriaUy to Fg

the field ampere turns Fsc corresponding to the rated armature current from

the short circuit characteristic._ The ampere turns Fsc is added at an angle

O the load power factor angle, with a perpendicular drawn to Fg. The effect

of the armature resistance is neglected on this diagram. Its effect would

be to increase the angle O by a very small angle but this angle is too small
!

to be of importance. Neglecting saturation FFL is the field ampere turns

for the given load and power factor. To take saturation into account, FSA T

!

is added directly to the ampere turns FFL to give the actual field ampere

turns FFL. The component FSA T should not be added exactly in phase with

t

FFL as shown but IAttle error is introduced by doing this. Actually, all of
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the ampere turns Fg are affected by the saturation of the magnetic circuit,

but only that part of Fsc which takes care of the leakage reactance drop is

similarly affected. The rest of Fsc balances the ampere turns of armature

reaction and neglecting the change in field pole leakage with change in satu-

rat/on, is uninfluenced by the saturation of the magnetic circuit.

150

OVE_ AMPERE TURNS--(F L) The total ampere turns per pole

required to produce rated voltage at the overload condition. This is

determined by the ASA method as described in FFL _ by using the

proper percentage values for re, Xp, Iph , Fsc , and FSA T.

SHORT CIRCUIT AMPERE TURNS--(Fsc ) The field ampere turns required

•._.p _..*_.AI.._M4.L.V_. .S.e,_S._,t.4 ,,._t,CLU,,_,L t.*'J.L _. _lgL WlI_|I LAE_ _L_.t.IJJ. JLD ,.._/J_.XJ. L. l._J.JLt.;U_t_q[A,.

Fsc = XdFg

+

SHORT CIRCUIT RATIO--(SCR) The ratio of the field current required to

produce rated voltage on open circuit to the field current required to

produce rated current on short circuit. Since the voltage regulation

depends on the leakuge reactance and the armature reaction, it is

closely related to the current which the machine produces under short

circuit conditions, and therefore directly related to the SCR.

FNL
SCR = --

F
SC

LOSSES AND EFFICIENCY

PERCENT LOAD-- Space is provided for three conditions of loading _md

these are preferably taken as no load, rated load, and overload.



151

FRICTION AND WINDAGE--(F & W) There is no known calculation method

that will give even reasonable accuracy for this loss and so data from

previous machines will have to be used. The loss can be assume&Ira

vary approximately as the 5/2 power of the rotor dizmeter_mdam_e

3/2 power of the RPM.

STA.3_ TEETH--(WTN L, WTF L, WTO L) The no load tooth loss (WTNL)

consists of eddy current and hysteresis losses in the iron. For a

given frequency the no load tooth loss will vary as the square of the

flux density.

I

WTN L = .453 (t s 1/3 - bs) Q_s hs KQ

KQ = Watts per pound loss from USS Electrlcal Steel
Sheets Manual at a density B t.

The stator tooth loss under load (WTF L & WTO L) is increased because

of the parasitic fluxes caused by the ripple due to the rotor teeth.

WTFL = E2(.27X_18 + 1_ WTN L (X d in per unit)

For WTO L use X d corresponding to the overload condition.

STATOR CORE--(W c) The stator core losses are due to eddy currents and

hysteresis and do not change under load conditions. For a given fre-

quency the core loss will vary as the square of the flux density.

Wc = 1.42 (D-h c) h c._sKq

KQ = Watts per pound loss from USS Electrical Steel
Sheets Manual at a density of B_.



POLE FACE--(WpNL, WpFL, WpoL) The pole surface losses are due to

the slot ripple caused by the stator slots. They depend upon the width

of the stator slot opening, the air gap, and the stator slot ripple fre-

quency. The no load pole face loss 0b'PNL) is calculated from Graph

#2. The pole face loss under load (WpF L & WpoL) is calculated as:

WpFL = L _ g " +
WpNL

Graph #2 is plotted for open slots, thus B s = b ° for partially
closed slots

Ksc is obtained from Graph #3.

DAMPER--(WDNL, WDFL, WDO L) The loss produced by the slot ripple in

the rotor wedges. This loss is calculated as a damper loss and at no

load WDN L is taken from curves #7 and #8. The damper loss under

load 0VDF L & WDO L) for polyphase machines is calculzted as:

F/K I.n \2 7
=/I. sc,pn s! +

WDFLL\ CFg / WDNL

KSC is obtained from Graph #3

For WDO L use Iph corresponding to the overload phase current.

STATOR 12R -- The copper loss based on the DC resistance of the winding.

Calculate for the maximum expected operating temperature.

IIR = m 12phRph
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EDDY-- Tim stator 121t loss due to skin effect.

Eddy Loss Factor Top 2

ROTOR _R-- The copper loss in the field winding.
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SUM OF THE LOSSES-- The total losses at the various loads.

RATING-- The kilowatt rating of the generator x 1000.

RATING + LOSS-- The sum of the total losses and the KW rating x 1000.

PERCE_r LOSS-- The total loss divided by the rat_ing + total loss.

JL"J_J_,J_J.NJL _,.l: J_JLt.,mr_t_m_., JL---- a.v_/U -- IV . ....

STATOR WATTS/SQ. IN. --

phery.

W

The stator watts per square inch of stator peri-

Stator Tooth Loss + Stator Core Loss + I2R + Eddy Loss

- 7rD_

ROTOR WATTS/SQ. IN. -- The rotor watts per sq. in. of rotor periphery.

W Pole face loss + Damper loss + Rotor I2R


